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Abstract 
Fundamental research on the growth of porous anodic alumina (PAA) films has been 
undertaken for many years because of the complexity of the processes involved and the 
wide range of commercial applications. In this study, a tungsten tracer approach has 
been used to determine the influences of current density and electrolyte temperature on 
the incorporation of the tracer and its distribution and consequently, the growth 
mechanisms of PAA films. 
The efficiencies of growth of PAA films, formed during anodizing at 5 mA cm-2 in the 
three major forming acids at 25 °C, are ~60%, due to loss of outwardly migrating Al3+ 
ions at the film/electrolyte interface. Thus, only the inwardly migrating O2- ions 
contribute to formation of the anodic oxide at the film/metal interface. The pores are 
developed due to flow of alumina from beneath the pore base regions toward the cell 
walls, which is indicated by distortion of the incorporated Al-W alloy layers and 
retention of the tungsten species within the anodic films. 
PAA films formed at a low range of current densities (<2 mA cm-2) develop by a 
field-assisted dissolution mode, with significant losses of aluminium and tungsten 
species to the electrolyte, and low expansion factors of less than 1.2. Conversely, films 
formed at current densities ≤?2 mA cm-2 grow by a flow mechanism: flow of film 
material transports the alumina oxide, including the incorporated tungsten tracers, from 
the barrier layer regions to the cell walls, resulting in relatively thicker films at higher 
current densities and retention of the tungsten within the films. The tungsten remains 
mainly within the inner cell region of the films, with a tungsten-free region present next 
to the pore wall. The efficiency of film growth increases from ~0.29 to ~0.73 with 
increase of current density from 0.5 to 30 mA cm-2, and from ~0.26 to ~0.88 with 
increasing current density between 0.5 and 50 mA cm-2 for anodizing in sulphuric and 
oxalic acids respectively. 
Comparatively, for PAA films formed at 15 mA cm-2 in oxalic acid, reduction of 
electrolyte temperature from 20 to 1 °C gives rise to a slight increase of the anodizing 
efficiency from ~0.67 to ~0.74; the film expansion factor also increases from ~1.32 to 
~1.43. The previous arises from reduced field-assisted ejection of Al3+ ions at the 
decreased electrolyte temperature. 
Anodizing of the aluminium substrates in phosphoric acid or neutral phosphate solution 
generates barrier anodic alumina films and the barrier layers of porous films 
respectively, which comprise phosphorus-containing outer regions and a 
phosphorus-free inner regions. The phosphorus-containing outer region accounts for 
~0.67 of the barrier films and the ~0.80 of the barrier layer of the porous films. Further, 
the distributions of phosphorus species are not significantly affected by the 
incorporation of the tungsten tracer nanolayer into the films; the influence of the 
phosphorus species on the outward migration of the tungsten species is also negligible. 
This tungsten tracer study suggests a significant influence of the flow of alumina oxide, 
under the high electric field, on the formation of PAA films at current densities ≤?2 mA cm-2. 
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Chapter 1 
Introduction 
Anodic films on aluminium have received considerable attention due to their extensive 
applications in protection, decoration, improvement of mechanical properties on 
aluminium alloys in architecture, aerospace, and functionalization of aluminium alloys, 
as templates for synthesizing various nanostructures in the forms of nanopores, 
nanowires and nanotubes.[1-5] The films are usually formed in aqueous electrolytes, with 
two typical morphologies, namely barrier-type and porous-type, that depend upon 
anodizing conditions, e.g. composition and concentration of the electrolyte, pH, current 
density, voltage and temperature. Barrier-type anodic films are often used as dielectrics 
and porous-type films are normally used for protection of the aluminium substrate 
against wear and corrosion and for colouring and improvement of adhesive bonding of 
aluminium components with various dyestuffs added. In addition to commercial 
exploitation of the metal, investigators have probed the fundamental aspects of the film 
growth,[3, 6-8] including ionic transport processes in the amorphous anodic oxides under 
intense electric fields and the relationships between anodizing conditions and resultant 
film morphology, composition, microstructure and properties. 
Barrier-type anodic films are developed generally in relatively mild environments in 
which the anodic film is insoluble in the electrolyte, e.g. neutral borate and tartrate 
solution. Comparatively, porous anodic films are formed in electrolytes which are 
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chemical reactive to the film and in which the film is slightly soluble, e.g. sulphuric, 
oxalic and phosphoric acids. 
Porous anodic alumina (PAA) films basically comprise a thin barrier layer next to the 
metal and an outer layer of porous alumina, in which the pores, orientated normal to the 
metal, extend from the barrier layer to the film surface. Pores are situated at the centres 
of close-packed, approximately hexagonal cells. They can grow up to tens of microns in 
thickness.[9] 
During the formation of anodic alumina films, the ionic current in the film is 
exponentially dependent upon the electric field,[10] which results in the cooperative 
transport of Al3+ and O2- ions,[11] with outward migrating Al3+ ions and inward 
migrating O2- ions forming fresh film material at the film/electrolyte and metal/film 
interfaces respectively. For barrier-type films formed at 100% current efficiency, ~40% 
and ~60% of the film thickness is formed at the film/electrolyte and metal/film 
interfaces respectively, with no loss of film species to the electrolyte.[12] For porous 
anodic films, the migrating Al3+ ions toward the pore base are lost to the electrolyte by 
field-assisted ejection and dissolution processes.[13, 14] Simultaneously, low 
concentrations of electrolyte anions are normally incorporated into the growing film. 
The incorporated species reveal different behaviour, including immobility, and inward 
or outward mobility, depending upon the migration rate of the particular species relative 
to the Al3+ or O2- ions.[15] However, only inward migrating species are present in PAA 
films, since new film material is formed by inward migration of O2- ions.[13, 14] 
Experimental investigations have identified that the pore diameter and the interpore 
distance can be simply controlled by the anodizing conditions. However, the nature of 
the porous oxide growth on aluminium is far from understood. Several models have 
been evolved to speculate on the formation of PAA films from different points of view. 
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The formation of the pores has usually been attributed to rapid, thermally assisted 
dissolution of the alumina enhanced by the high electric field at the pore base. More 
recently, evidence has been presented that suggests that the pores result from 
field-assisted plasticity of the alumina which, combined with growth stresses, enables 
the flow of the alumina from beneath the pore base regions of the barrier layer toward 
the cell walls.[16-19] The main evidence has been derived from the observation of the 
behaviour of tungsten tracer species incorporated into the film from the aluminium 
substrate. Tungsten is an ideal tracer, since the tungsten species are slow moving within 
the anodic film relative to Al3+ ions and are readily distinguished using electron 
microscopies due to the strong atomic number contrast. 
In the present study, the use of the tungsten tracer method is extended to investigate the 
growth processes of PAA films for anodizing over a range of current densities and 
temperatures in sulphuric, oxalic and phosphoric acids. Multiple Al-W alloy nanolayers, 
incorporated into the aluminium substrate by magnetron sputtering, were employed. The 
rate of film growth is controlled by the ionic current density in the barrier layer 
according to the high-field conductivity theory. The electric field is expected to affect 
the viscosity of the film and the stresses within the film, thus possibly influencing the 
behaviour of the tungsten tracer species within the barrier layer. The morphologies of 
the anodic films and the distributions of tungsten tracer species within the films were 
observed using scanning and transmission electron microscopies and quantified by 
Rutherford backscattering spectroscopy and nuclear reaction analysis. 
Evidently, the ratio of the thickness of the PAA film relative to that of oxidized 
aluminium, the so-called film expansion factor, increases with increase of current 
density and decrease of electrolyte temperature, which is associated with an increase in 
the efficiency of film formation. Further, current density also has a significant influence 
on the morphology of PAA films and the distribution of the tungsten tracer species in 
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the films as well as the film formation mechanism. Comparatively, electrolyte 
temperature over the selected range has a smaller influence on the morphology and 
field-assisted dissolution of the films. 
The migration of tungsten and phosphorus species and the interaction between them in 
relation to the use of tungsten species as a tracer for investigating the generation of 
pores in PAA films formed in phosphoric acid was further investigated in the present 
work. Consideration is given to the possibility that the halting of the outward movement 
of tungsten is due to an influence of the phosphorus species. The study followed the 
transport of the nanolayer of tungsten tracer within barrier and porous films and 
revealed that the outward transport of tungsten was not impeded significantly by 
phosphorus species. Similarly, the distributions of phosphorus were not significantly 
affected by the incorporation of the nanolayer of tungsten tracer into the films. 
Observations of the PAA films formed in oxalic and phosphoric acids at the relatively 
high range of current densities (≤?5 mA cm-2) revealed that tungsten tracer species 
remain mainly within the inner cell region of the porous films, at depths of ~40-50% of 
the thickness of the barrier layer and cell wall. Since previous findings suggest that the 
outward transport of tungsten is not impeded significantly by the inward migration of 
phosphorus species, the final position of tungsten in the cell of the films suggests that a 
relatively stronger growth stress associated with electrostriction is present in the outer 
part of the barrier layer which drives flow of film material and transport of the tungsten 
tracer species in the pore base regions toward the cell walls. 
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Chapter 2 
Literature Review 
2.1 Introduction 
Anodic films are produced by anodizing, an anodic polarization process to develop 
anodic oxides on the surface of so-called valve metals, such as Al, Ti, Ta, Nb, Mg, W, Bi 
and Zr, in suitable electrolytes under a high electric field. During anodizing, the films 
develop and grow by ionic transport under the high electric field across the existing, 
poorly electrically conducting air-formed film on the surface. Anodic films on 
aluminium are widely used for protection and functionalization of aluminium alloys in 
various industries, for example, the architectural, aerospace, electronics and 
nanotechnology fields.  
Anodic films are usually grown at direct current or pulsed current in aqueous 
electrolytes at various temperatures. Depending on the anodizing conditions and the 
electrolyte employed, two types of anodic films can be formed, known as barrier-type 
and porous-type. Barrier-type films are thin and relatively compact, whereas 
porous-type films are thicker and comprise a barrier layer in contact with the metal, and 
a usually significantly thicker porous layer above it. Barrier films are generally formed 
in relatively mild electrolytes in which the films are essentially insoluble, e.g. aqueous 
ammonium borate and tartrate at pH 7. Porous films develop rapidly in electrolytes 
Chapter 2 Literature Review 
26 
 
which are reactive to the films and in which the films are slightly soluble, e.g. sulphuric, 
oxalic, phosphoric and chromic acids. 
For many years the growth of porous anodic alumina (PAA) films has been of wide 
scientific and commercial interest, including the relationship between the characteristic 
morphologies of anodic films and anodizing parameters, such as the type and 
concentration of electrolyte, pH, current density, voltage, temperature, etc. However, 
many aspects of the film formation process and mechanism are still far from being 
understood and have been the focus of extensive research. Such investigations are 
significant because of the ease of aluminium to produce PAA films of known and 
controlled pore and cell dimensions, and highly self-organized hexagonal pore arrays; 
understanding of these aspects holds the key to all subsequent post-treatments and uses 
of the PAA films. 
In this chapter, anodizing processes of aluminium, the morphology, composition, 
structure of barrier and porous type anodic films are briefly reviewed based on relevant 
literature. The last review concentrates on the mechanisms of PAA film growth, 
including recent findings of experimental observations of PAA films with incorporated 
tungsten tracers and theoretical models based on simulations of coupled ionic transport, 
electric field and stress distribution as well as viscous flow of film material during 
anodizing.  
2.2 Aluminium and Its Alloys 
Aluminium is the most abundant metal in the Earth’s crust, and the third most abundant 
element therein, after oxygen and silicon.[20] It has been estimated that 8 percent of the 
earth’s crust is composed of aluminium, usually found in the oxide form known as 
bauxite. 
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Aluminium is remarkable for its low density of approximately 2.7 (about one-third of 
steel) and for the relatively high corrosion resistance of the pure metal. Excellent 
corrosion resistance is due to the formation of a thin surface layer of aluminium oxide 
when the metal is exposed to air, effectively preventing further oxidation. Other 
valuable properties include its good thermal and electrical conductivities, its reflectivity, 
its high ductility and resultant low working cost, its magnetic neutrality and the 
non-poisonous and colourless nature of its corrosion products which facilitate its use in 
the chemical and food-processing industries. In addition, aluminium is 100% recyclable 
without any loss of its natural qualities. Recovery of the metal via recycling has become 
an important facet of the aluminium industry. 
In its pure state, aluminium is a relatively soft metal with a yield strength of only 34.5 
MPa and a tensile strength of 90 MPa. The mechanical properties of aluminium may be 
improved by alloying, strain hardening, thermal treatment, or by combinations of all 
three techniques. Copper, magnesium, silicon, manganese, nickel and zinc are used as 
the major constituents in aluminium alloys. Aluminium alloys are divided into two 
broad classes. The first are the ‘cast alloys’ which are cast directly into their desired 
forms by one of the three methods: sand-casting, gravity die casting and pressure die 
casting, while the second class, the ‘wrought alloys’, are cast in ingots or billets and hot 
and cold worked mechanically into extrusions, forgings, sheet, foil, tube and wire. The 
latter is subdivided into heat-treatable and non-heat-treatable alloys. In general, the 
wrought heat-resistant alloys have greater fabricability than the cast alloys. 
Aluminium is the most widely used non-ferrous metal. Its production exceeded that of 
any other metal except iron. The applications of aluminium have encompassed almost 
every aspect of our modern life for the last several decades, e.g. in transportation 
(automobiles, aircraft, bicycles, etc.) as sheet, tubes, castings, in architecture (curtain 
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walls, window frames, building wires, etc.), in household utensils, and in materials for 
wrapping and packaging many foods and gifts.[21]  
2.3 Corrosion and Protection of Aluminium 
Aluminium can be used in a wide range of environmental conditions without surface 
protection and with minimum maintenance relying on a thin, air-formed oxide film. An 
important and beneficial feature of this oxide film is that its molecular volume is 
stoichiometrically 1.5 times that of the metal consumed in the oxidation process. It 
means that the oxide film is under compressive stress, and will not only cover the metal 
continuously, but can cope with a certain amount of substrate deformation without 
rupturing.  
Whilst aluminium and its alloys generally have good corrosion resistance, localized 
forms of corrosion can occur. There are two main factors which influence the general 
corrosion behaviour of aluminium. One is the type and aggressiveness of the 
environment and the second is its chemical and metallurgical structure. Environments 
can vary from outdoor atmospheres to media such as soils, waters, building materials 
and chemicals etc. Industrial and marine environments are aggressive for aluminium, 
usually due to the presence of sulphates and chlorides respectively.  
The corrosion resistance of aluminium decreases as its purity decreases and alloying 
elements are added. Copper lowers the resistance more than other elements, while 
magnesium has the least effect. Variations in thermal treatments of aluminium alloys 
can have marked effects on its local chemistry and hence the resistance to localized 
corrosion. Generally, practices that result in a nonuniform microstructure will lower 
corrosion resistance, especially if the microstructural effect is localized. Susceptibility 
to intergranular attack in some alloys (2xxx, 5xxx, with above 3% magnesium, and 
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7xxx) shows up as exfoliation and stress-corrosion cracking. Historically, the Al-Zn-Mg 
alloys have been the most susceptible to cracking. In addition, high-strength aluminium 
alloys are also susceptible to hydrogen embrittlement. 
In order to ensure maximum corrosion resistance for aluminium alloys under more 
stringent environmental uses, when some types of corrosion may occur, the following 
factors should be carefully considered:[3]  
1. Correct choice of alloy in relation to the service conditions, with special regard 
to purity in composition. 
2. Careful control during fabrication. 
3. Correct design in service to avoid such features as crevices, moisture and 
galvanic effects. 
4. Use of the best protective system. 
Protection may take the form of applied coatings or finishes, sealants, inhibitors, metal 
spraying etc. 
2.4 Anodizing of Aluminium 
Anodizing is an electrolytic oxidation process for producing protective and decorative 
films on the surface of metal parts. The process is called ‘anodizing’ because the part to 
be treated forms the anode electrode of an electrical circuit. Anodizing increases 
corrosion resistance and wear resistance of the metal, and provides better adhesion for 
paint primers and adhesives than the bare metal. Anodic films are most commonly 
applied on so-called valve metals. These include Al, Ta, Nb, Mg, W, Hf, Zr and others.  
Anodizing changes the microscopic texture of the surface and the crystalline 
microstructure of the metal near the surface into amorphous or microcrystalline alumina. 
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Anodized aluminium surfaces are harder than aluminium and their wear resistance can 
be further improved with increasing thickness or by applying suitable sealing substances. 
Anodic films are generally much stronger and more adherent than most types of paint 
and metal plating, but are also more brittle. This makes them less likely to crack and 
peel from aging and wear, but more susceptible to cracking from thermal stress. 
Depending on the anodizing conditions and the electrolyte employed, it is possible to 
form two different film morphologies, known as barrier-type and porous-type anodic 
films. In industry, anodizing is usually performed in acid solutions. By far the largest 
amount of anodizing is carried out in sulphuric acid electrolyte. For some special 
aircraft requirements, chromic acid solutions are used, whilst oxalic acid anodizing was 
used widely in Germany and Japan for many years, particularly for architectural 
applications. Phosphoric acid anodizing is the most recent major development, so far 
only used as pretreatments for adhesives or organic paints. Other specialized 
electrolytes or mixtures of electrolytes have found limited fields of applications, e.g. 
sodium or ammonium borate or ammonium phosphate is used to produce electrolytic 
condensers. 
Anodic films can be used for a number of cosmetic effects, either with thick porous 
coatings that can absorb dyes or with thin transparent coatings that add interference 
effects to reflected light. Anodizing is also used to prevent galling of threaded 
components and to make dielectric films for electrolytic capacitors. Anodized 
aluminium can be found on mp3 players, flashlights, cookware, cameras, window 
frames, roofs, in electrolytic capacitors, and on many other products both for corrosion 
resistance and the ability to retain dyes.
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2.5 Anodizing Process 
Anodic films are formed on aluminium by passing a direct current through an 
electrolytic solution, with the aluminium part working as the anode and a suitable 
material such as aluminium or graphite serving as the cathode. Pulsed direct current or 
alternating current are also used, e.g. for plasma electrolytic oxidation. The applied 
current generates a high electric field across the pre-existing, thin oxide film on the 
surface of aluminium. Under the electric field, the negatively charged anions in solution 
migrate to the anode where aluminium is positively charged with the loss of electrons.  
The overall reaction that takes place during anodizing is: 
2Al + 3H2O ≤? Al2O3 + 3H2 
This is the sum of the separate reactions at each electrode. The reactions at the anode 
occur at the metal/film and film/electrolyte interfaces. The ions that make up the film 
are mobile under the high electric field. At the metal/film interface the inward moving 
oxygen anions react with the metal: 
2Al + 3O2- ≤? Al2O3 + 6e- 
At the film/electrolyte interface outward moving aluminium cations react with water: 
2Al3+ + 3H2O ≤? Al2O3 + 6H+ 
The ionic transport of Al3+ and O2- ions at the anode is illustrated in a schematic 
diagram of Fig. 2.1. (In case of aluminium dissolution into the electrolyte during porous 
film formation, the anodic reaction is: 2Al ≤? 2Al3+ + 6e-) 
The reaction at the cathode is hydrogen gas evolution: 
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6H+ + 6e- ≤? 3H2 
The result of the anodic oxidation depends on a number of factors, particularly the 
nature, concentration and temperature of the electrolyte and the electrical operating 
conditions such as current density and voltage. Tajima[22] has identified at least five 
types of processes during anodizing of aluminium in various aqueous solutions: 
• Barrier-type anodic film formation proceeds in solutions in which the film is 
largely insoluble, e.g. neutral borate, phosphate, tartrate solutions. 
• Porous-type anodic film formation is apparent in certain acid and alkali solutions 
in which the resultant film is termed ‘sparingly soluble’, e.g. sulphuric, 
phosphoric, oxalic acids.  
• Pitting by metal dissolution can compete with anodic film formation in certain 
organic acid solutions, in neutral sulphate solutions, and in solutions containing 
chloride ions. 
• The voltage may fluctuate periodically or remain steady at a relatively low level 
during electropolishing in appropriate strong acids. 
• When much of the surface film is removed by crystallographic etching in certain 
strong acids or bases, the initial cell voltage established is very low and it 
remains at a constant level. 
In general, there is a competition for anodic oxidation among regions undergoing film 
growth, metal dissolution, gas evolution and other side reactions related to the 
electrolyte. As may be appreciated, the boundaries between these different processes are 
not well defined. Borderline behaviour may occur over an entire specimen surface or 
two or more processes may occur on a single surface. Also, the difference in conditions 
that determine whether a porous or barrier-type anodic film is produced can be quite 
slight. 
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Other anodic processes that can take place on aluminium are localized rather than 
relatively uniform over the surface, often originating from influences of the alloy 
microstructure. These include corrosion processes and dielectric breakdown where local 
current concentration may cause heating and subsequent crystallization of the adjacent 
film material. 
2.6 Barrier-Type Anodic Alumina Films 
Barrier-type anodic films are formed in a number of electrolytes which generally have 
relatively low reactivity with the oxide, e.g. borate, phosphate, tartrate solutions. The 
films, therefore, grow at high efficiency and the applied current is used to generate the 
oxide film, with negligible loss of ions from the film to the electrolyte. However, the 
presence of flaws at the surface, depending upon the purity of the metal and the kind of 
surface treatment, mechanical, electrolytic or chemical, will cause small loss of 
efficiency.[8]  
Film growth continues until the film forming ions, Al3+ and O2-, can not transport 
through the formed barrier alumina. Correspondingly, the cell voltage rises linearly with 
time from the commencement of anodizing until dielectric breakdown occurs at a 
relatively high voltage value. The films formed are thin and dielectrically compact. 
Such films, formed at high voltages, find application in the production of capacitors and 
for the protection of very thin aluminium coatings formed by vacuum deposition 
techniques, which are used in the electronics industry. 
Generally, barrier-type films appear relatively featureless and uniform in the 
transmission electron microscope. They replicate substrate features and also show some 
typical flawed regions. Barrier films have been recognized to be amorphous or 
composed of microcrystalline γ-Al2O3 or γ´-Al2O3, as detected by electron or X-ray 
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diffraction.[23-26] The films also contain some anions incorporated from the electrolyte 
solution and water.   
2.6.1 Morphology of Barrier-Type Anodic Alumina Films 
Generally, barrier-type anodic films are amorphous and highly uniform in thickness, 
with sharply defined, microscopically flat surface and metal/film interfaces. The 
thickness of a barrier film is directly proportional to the forming voltage until a 
maximum voltage is reached, which depends on the type of electrolyte and its 
concentration. The thickness of a barrier film is frequently quoted in terms of its unit 
thickness and applied voltage; for aluminium the values range 1.2-1.4 nm/V.[9] Film 
growth proceeds at high current efficiency, with uniform film thickening with time, until 
limited by the onset of dielectric breakdown. 
Flaws or defects always exist in barrier films. Flaw population densities are of the order 
of 108 to 1010 m-2, depending on the surface pretreatment of the original aluminium and 
the film thickness.[27]  The generation of flaws is generally associated with local 
heterogenities, either surface topographical (geometrical) or compositional, in the metal 
substrate. Richardson et al.[28] investigated flaws in barrier films and classified them in 
two types: one was associated with segregation of impurities in the metal substrate and 
the second arose from relatively large local defects in the metal substrate. 
In investigations by Thompson, Shimizu et al.,[29-31] the location and precise 
morphology of flaws, present locally in amorphous barrier film, and its mechanisms of 
formation in the vicinity of surface impurity segregates were examined directly. It was 
suggested that current concentration in the regions of impurities and segregates and 
local temperature rise associated with Joule heating effects give rise to the local 
development of flaws comprised of crystalline alumina. 
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Under certain conditions, barrier films have been considered to transfer slowly into 
porous anodic films. Factors such as temperature, current density and the time of anodic 
film formation have been reported to influence the morphology of the resultant films. 
Leach and Neufeld[32] indicated that the porous films formed in alkaline borate solution 
at elevated temperatures due to increased solubility of the film material. Dorsey[33] 
revealed a duplex film consisting of an outer porous layer and an inner compact barrier 
layer for anodizing in boric acid. Furneuax et al.[34] and Takahashi et al.[35] revealed that 
porous anodic films may form from an initial barrier-type film during prolonged 
anodizing. 
Xu, Thompson and Wood[36] suggested that the formation of a barrier or a porous film 
in a particular electrolyte is dependent upon the effective current density employed. The 
extent of solid-film formation at the film/electrolyte interface declines with decrease in 
current density and electrolyte pH. For current densities below a critical value, film 
formation at the film/electrolyte interface is lost in local regions by field-assisted 
dissolution at preferred sites, thus porous films are formed. The critical current density 
is dependent upon electrolyte type, concentration, pH and bulk electrolyte temperature. 
For electrolyte with relatively high chemical reactivity to alumina, the critical current 
density increases. 
2.6.2 Composition of Barrier-Type Anodic Alumina Films 
Anodic oxidation of aluminium in appropriate electrolytes leads to the formation of thin 
barrier anodic oxide films (<1 µm thick). The films are not pure oxide of aluminium 
metal, but usually contain small amounts of electrolyte-derived anion species that 
significantly influence the chemical, physical and electronic properties of the thin films. 
Furthermore, the distribution of such species is varied and complex; it is not simply 
determined by the transport numbers of the metal ions during film growth, but also by 
the relative migrations of the incorporated species.[15, 37-39] Phosphate, boron, chromium, 
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tungstate, hydrogen and hydroxyl are commonly incorporated into barrier films to 
certain depths in a variety of electrolyte solutions.  
Konno et al.[40] claimed that the constituents of the films formed in a neutral phosphate 
solution are Al2O3, AlO1.463(PO4)0.025 and AlO1.09(OH)0.74(PO4)0.025, with an average 
PO43- content of 4.7%. Abd Rabbo et al.,[41] using secondary ion mass spectroscopy 
(SIMS), revealed AlO- and PO2- secondary ion profiles for films formed in a neutral 
phosphate solution, which suggested that phosphorus, probably as phosphate, is 
incorporated within the outer two-thirds of the film. The inner one-third is apparently 
phosphate-free, with the limits of sensitivity of the technique. Thompson et al.[42] 
examined ultramicrotomed sections of barrier films formed in neutral phosphate 
electrolyte directly using a combination of scanning transmission electron microscopy 
(STEM) and energy dispersive analysis of X-rays (EDAX) and confirmed the results of 
Rabbo et al.[41]  Konno et al.[40] and Takahashi et al.[43] used a technique consisting of 
chemical dissolution (sectioning) of the oxide in a sulphuric acid, followed by 
impedance measurements, solution analysis and electron microscopy to determine the 
in-depth anion distribution in barrier alumina films formed in neutral phosphate solution. 
They found that both the phosphate concentration in the outer layer, and thickness ratio 
between the outer and inner layers, increase with current density applied but do not 
change with anodizing time or total film thickness at constant current density. Some 
results of their findings are also consistent with findings by using SIMS analysis. 
Takahashi et al.[44] later found that with increasing pH of the phosphate solution, the 
thickness of the outer layer containing phosphate increases and the phosphate 
concentration in the outer layer decreases; the thickness ratio of the outer layer to the 
whole oxide film increases until attaining a steady value of 0.8 above pH=6.5.  
In-depth profiles of chromium in films formed in neutral chromate solution showed that 
chromium is apparently restricted to the near surface layer; the level then drops rapidly 
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to a low but detectable yield in the remaining film.[41] Chung et al.[45] employed X-ray 
absorption spectra to study anodic alumina films formed in chromate solutions and 
suggested that the films contain chromium species in both Cr(III) and Cr(VI) states. It 
was suggested that chromate and dichromate species are adsorbed at the film/electrolyte 
interface and incorporated into the thickening film. A field-induced transformation 
probably occurs and generates outwardly mobile Cr3+ ions. Shimizu et al.,[46] using 
glow discharge optical emission spectroscopy (GDOES) depth profiling, investigated 
barrier films formed in sodium chromate solution. An extremely fine band, 2-3 nm thick, 
was present with a relatively high concentration of chromium species. The band 
separates an inner pure Al2O3 layer next to the metal and an outer layer doped with low 
concentrations of CrO42- and Cr2O3. Takahashi and Nagayama[47] found that a surface 
film ~4 nm thick was formed by immersion of electropolished, high-purity aluminium 
in a hot CrO3-H3PO4 solution. Using XPS, the film composition can be represented by 
AlCr(III)0.43Ox(OH)3.20-2x(PO4)0.33(x-0.07)H2O. GDOES depth profiles revealed that the 
thin film contains appreciable amounts of Cr3+ (in the form of hydrated Cr2O3) and 
PO43- ions.[48] For films formed in neutral 1 M phosphate-chromate mixtures, SIMS 
analysis revealed that as the chromate-to-phosphate concentration ratio increases, the 
Cr+ yield markedly increases whereas the PO2- yield shows only slight, random 
variations. It is suggested that the phosphate anion has a dominating influence on the 
film growth process; even small quantities of phosphate anion are sufficient to inhibit 
the small amount of anodic dissolution necessary to support the cathodic reduction of 
chromate.[49]   
SIMS analysis has also been employed for films formed in borate solution.[49] Evidently, 
the boron-containing outer layer comprises about 45-50% of the total film thickness. 
The distribution of boron-containing species has been confirmed by Skeldon et al.[50] 
using Rutherford backscattering spectroscopy (RBS) and by Shimizu et al.[51] using 
electron-beam-induced crystallization of sections of barrier films in the TEM. It was 
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claimed that the inner region of the film is composed of pure alumina with an outer 
region of alumina contaminated with electrolyte anions; the level of anion incorporation 
and its extent vary with anion type. Later GDOES depth profiling analysis confirmed 
that the proportion of the outer boron-doped layer to the total film thickness is 0.44.[46, 52]  
Shimizu et al.[53] examined ultramicrotomed sections of barrier films formed in a 
sodium tungstate solution; transmission electron micrograph showed directly a 
relatively dark region of film containing tungsten with a high electron scattering cross 
section. A combination of TEM and energy-dispersive analysis of X-rays (EDAX) and 
electron beam induced crystallization confirmed that the outer 30% of the total film 
thickness contains tungsten, with the underlying film being relatively pure alumina.  
Hydrogen and hydroxyl profiles have been examined by SIMS analysis of anodic films 
formed over a wide pH range in ammonium tartrate solutions in a study of film 
hydration characteristics.[54] The results suggested that the extent of hydration increases 
with pH, particularly from acidic to neutral pH values. In addition, hydration is more 
severe in the outer regions of the film, particularly for films formed in neutral/alkaline 
solutions. Lanford et al.,[55] applying a nuclear reaction technique to obtain hydrogen 
profiles through various alumina films, confirmed the presence and distribution of 
hydrogen by Abd Rabbo et al.[54] They suggested that hydrogen and phosphorus are 
incorporated by independent processes and not the result of HPO42- or H2PO4- 
incorporation. The hydrogen profiles also give evidence for water penetration and 
accumulation in the barrier layer of the composite film. 
2.6.3 Structure of Barrier-Type Anodic Alumina Films 
It has long been recognized that barrier films are amorphous or consist of 
microcrystalline γ-Al2O3 or γ'-Al2O3; the extent of the crystalline material depends on 
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the anodizing conditions[8] and tends to increase with increasing forming voltage, 
temperature and in more dilute electrolyte solutions.[24, 26]  
Kerr[56] examined the films formed to 50 V in ammonium borate solution and concluded 
that diffuse halos in electron diffraction patterns are typically associated with 
amorphous alumina and sharper rings could be identified as arising from τ-Al2O3. 
Franklin[25, 57] showed that a hexagonal-distributed cellular structure exists in barrier 
films formed in a boric acid-borax electrolyte. The barrier film contains three types of 
oxides, with a hydrated alumina outer layer adjacent to the electrolyte and an inner layer 
composed of patchily distributed crystalline and amorphous alumina. Stirland and 
Bicknell[26] confirmed that the amount of crystalline oxide increases when the voltage 
exceeds 100 V. 
 Films formed in borate solution are thought to be entirely amorphous below a forming 
voltage of ~100 V or to consist, above 100 V, of anhydrous amorphous alumina as the 
bulk of the film, a layer of hydrated amorphous alumina at the film/electrolyte interface 
and islands of small crystalline γ' alumina in the amorphous films.[30, 58] The islands of 
cryallinity were initially thought to develop in the vicinity of flaws in the original metal 
substrate. Current concentration in the flaw regions and local large temperature rises 
associated with Joule heating effects give rise to the development of a crystalline film. 
The formation of these regions becomes more apparent at local sites and the crystalline 
regions grow as the forming voltage rises above ~100 V. 
Shimizu et al.[51] studied electron-beam-induced crystallization of anodic barrier films 
on aluminium. It showed that the electron-beam-induced crystallization occurs more 
easily at the inner pure and more near stoichiometric oxide layer than the outer 
boron-doped and partially hydrated layer. But eventually, the crystals spread throughout 
the whole film section on exposure to the electron beam for 15 min. Structural ordering 
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in annealed anodic alumina films was investigated by Shimizu et al.[59] employing 
microdiffraction. It revealed no significant differences from the microdiffraction 
patterns between the outer borate-doped layer and the inner pure Al2O3 layer of the 
annealed anodic film (for 1 h at 450 eC). They claimed that the presence of a small 
amount of borate species has no significant influence on the development of the 
microcrystalline regions, but such species strongly influence the subsequent growth of 
the microcrystalline regions into well-developed crystallites. 
2.6.4 Anion and Cation Migration 
There has been considerable work investigating whether film growth is due to the 
migration of aluminium cations across the film to react with the electrolyte, or due to 
oxygen anions migrating across the film to oxidize the metal/film interface, or both. 
Hoar and Mott[60] suggested that the smaller hydroxyl ions carry the current and 
produce protons at the metal/film interface, which then move upward across the film to 
combine with O2- ions from the electrolyte. They found that only the outer regions of 
films formed in aqueous tartrate solutions were hydrated, but Brock and Wood[61] 
proposed that O2- ions rather than OH- ions are mobile because no hydration is found in 
films produced in a non-aqueous glycol-based solution. 
Lewis and Plumb[62] carried out radiographic studies in which they claimed that the 
point of growth of both barrier and porous films lies near the solution interface; only 
aluminium ions are mobile. Later, Diggle et al.,[63] using sequential anodizing in 
sulphuric acid, indicated that oxide of porous films is produced at or near the 
metal/oxide interface. 
Considerable work has been undertaken using tracer techniques, i.e. radioactive 
tracers,[11] ion implantation,[12] nuclear microanalytical techniques,[64] to understand the 
transport processes during anodic film formation. 
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Davies and coworkers[11] investigated the anion and cation migration processes by 
monitoring the depth of the Xe125 marker ions, which were implanted onto a slightly 
anodized aluminium surface, in the anodic films after further anodizing. It was shown 
that both oxygen and aluminium ions are mobile during film growth with a cation 
transport fraction ranging from 0.37 to 0.72 for an aqueous ammonium citrate anodizing 
and 0.58 for sodium tetraborate in a 95% ethylene glycol solution. It has been 
confirmed by the direct observation of immobile xenon marker bubbles in the film that 
both Al3+ and O2- contribute to barrier film formation at the film/electrolyte and 
metal/film interfaces respectively. Bernard[65] agreed that both anions and cations are 
mobile, and that metal ion transport predominates. It is now understood that the cation 
transport number is about 0.4 for film growth at 100% Faradaic efficiency, but this 
value falls under conditions of reduced current density and electrolyte pH, where direct 
ejection of Al3+ ions into the electrolyte is possible.   
In the work by the group at the Université de Paris VII,[66] aluminium was anodized at 
constant current to a preset voltage using citric acid in water either enriched or depleted 
in O18, and found that at least 98% of the oxygen present in the films formed derived 
from water. Thus, the principal anodic reaction is:[67] 
2Al + 3H2O ≤? Al2O3 + 6H+ + 6e- 
They also concluded that oxygen transfer at the film/electrolyte interface, enhanced by 
field-induced oxygen vacancies, was responsible for the growth of the anodic film. 
It is currently believed that, during film growth at constant current density, 
electrolyte-derived species are normally incorporated into the film at a constant rate and 
uniformly contaminate a layer of film material at the film/electrolyte interface.[67-69] It 
has also been found that during film growth, electrolyte species may be immobile or 
migrate inwards or outwards at various rates. Immobile markers, e.g. ion-implanted 
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xenon[15, 70] has been used to prove this. Distribution of anion species was directly 
observed by transmission electron microscopy.[42, 53] Outwardly migrating electrolyte 
species result from the field stripping oxygen ions from incorporated oxide species, e.g. 
WO3 becomes W6+. Immobile species possibly result from the incorporation of an oxide 
or salt without forming a charged entity. Since the relative transport of Al3+ and O2- ions 
results in about 40% of the film thickness being formed at the film/electrolyte interface 
at 100% Faradaic efficiency, electrolyte species contaminate the outer 40%, >40%, and 
<40% of the film thickness, depending on whether they are immobile, migrate inwards 
or migrate outwards respectively.[71] The mobile electrolyte species participate in a 
co-operative transport mechanism that also involves the Al3+ and O2- ions.  
Wood and coworkers presented a model for the incorporation of electrolyte species into 
barrier films formed galvanostatically in aqueous electrolytes (Fig. 2.2). Wood’s model 
predicts that the proportion of the total amounts of electrolyte species to aluminium 
atoms, Nx/NAl, in the whole film is independent of the Faradaic efficiency of film 
growth where the species are inwardly mobile, but dependent on the efficiency where 
the species are immobile or outwardly mobile. In all cases, the proportion of the film 
thickness contaminated by the electrolyte species increases with increase of the Faradaic 
efficiency.  
Xu et al.[36, 72] observed film sections, incorporating inert marker layers, in the 
transmission electron microscope and concluded that current efficiency is a key 
parameter in determining whether anodizing will produce a barrier-type or porous-type 
film. Consequently, the model suggested by Wood et al.[71] has relevance to porous film 
formation. However, during porous film formation, there is no net film development at 
the film/electrolyte interface. Thus, only electrolyte species that are inwardly mobile 
may be expected to accumulate in the film. 
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2.6.5 Mechanisms of Barrier-Type Anodic Film Growth 
With regard to the barrier film growth, it is generally accepted that barrier films on 
aluminium develop by high-field ionic conduction, where the relatively high field 
strength across the thickening film, of 106~107 V cm-1, stimulates ionic transport of 
species.[6] It has been suggested that both Al3+ and O2- (and/or OH-) species are mobile 
under the field in a cooperative transport process.[7, 64, 73] Fresh alumina films are 
formed by outward migrating Al3+ ions and inward migrating O2- ions at the 
film/electrolyte and metal/film interfaces respectively. At 100% current efficiency of 
film growth, ~40% and 60% of the film thickness forms at the respective interfaces 
during anodizing with no loss of film species to the electrolyte.[12]  
The ionic current density, i, in the anodic film is given by the high-field conduction 
equation:[10] 
i = A exp (BE) 
where A and B are temperature dependent constants, E is the field strength which can be 
replaced by V/d, V is the voltage and d represents the film thickness. Under certain 
anodizing conditions the film thickness/voltage ratio is maintained constant during film 
growth, being typically 1.0-1.4 nm V-1. 
According to studies of Hoar and Mott[60], hydroxyl ions, being of similar size but less 
charged than O2- ions, migrate inwards rather than O2-; such migration was followed by 
subsequent deprotonation of the hydrated alumina in the film. The protons then migrate 
outwards to the film/electrolyte interface under the effect of the electric field. Any OH- 
ions or protons trapped in the oxide film produce the hydrogen-bonded structure, as 
demonstrated by Dorsey[33].  
O’Sullivan and Wood[9] proposed a mechanism to explain the decomposition of water 
molecules to produce O2- and OH- ions (Fig. 2.3). Water molecules are expected to 
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adhere to the film surface, with the negatively charged oxygen atom adjacent to the 
oxide surface. Hydrogen bonding occurs between hydrogen atoms of the water molecule 
and the oxygen atoms of the large oxyanions. Consequent weakening of the O-H bonds 
of the water molecule helps the field to detach the oxygen ions. Detachment of a single 
hydrogen ion yields an OH- ion, and removal of both produce an O2- ion. Siejka and 
Ortega[14], employing O18 and nuclear microanalysis techniques, found that most of the 
oxygen (70-90 wt%) contained in anodic films came from water in the electrolyte. Kato 
et al.[74] revealed a large pH decrease at the film/electrolyte interface during film 
formation in neutral electrolytes with reaction of Al3+ and water at the interface region. 
In the work of Rabbo et al.[41], barrier anodic films grown on aluminium in neutral 
phosphate, chromate and phosphate/chromate solutions were examined using SIMS. 
They proposed a model for film development, involving growth partly by ionic 
migration and partly by a dissolution/precipitation process. Later, Thompson and 
Wood[8] suggested that film growth involving two major simultaneous processes: 
1. Growth by ionic migration through an existing film, i.e. both Al3+ and O2-/OH- 
ions are mobile and form new oxide at the metal/film interface. 
2. Solid film formation occurs at the film/electrolyte interface by solid state 
mechanisms and/or by dissolution/precipitation or dissolution/deposition under 
the field mechanisms. The differences in the films formed by these proposed 
mechanisms lies in the fate of Al3+ ions not consumed in growth by ionic 
migration. Whether such ions contribute to solid film growth then depends on 
their efficiency of precipitation/deposition at the film/electrolyte interface. 
In the work by Xu et al.,[36, 72] key aspects of ionic conduction, locations of film 
development and electrolyte anion incorporation are investigated by observation of film 
sections, incorporating inert marker layers, in the transmission electron microscope and 
appropriate analysis. It confirmed that during barrier film formation at high current 
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efficiency, Al3+ ions egress and O2-/OH- ingress proceed across the pre-existing 
air-formed film to develop solid material at the film/electrolyte and metal/film 
interfaces respectively. With decrease in current efficiency, the former contribution 
declines through a mechanism of direct ejection of Al3+ ions at the film/electrolyte 
interface. A critical current density can be defined below which all mobile Al3+ ions are 
lost to the electrolyte. Porous anodic films develop at current densities below the critical 
value, through O2-/OH- ingress, where no healing mechanism (through Al3+ egress) 
exists to repair electrolyte penetration paths into the outer film regions. Preferred 
penetration paths and, finally, major pores, proceeds into the steady-state film 
morphology through field-assisted dissolution under possibly high electrostriction 
pressures. 
2.7 Porous-Type Anodic Alumina Films 
Porous-type anodic films are produced in certain acids and alkali solutions in which the 
resultant film is termed ‘sparingly soluble’, e.g. sulphuric, phosphoric, oxalic acids. The 
films are strongly adherent, but are accompanied by localized field-assisted dissolution 
which produces a regular array of parallel-sided pores in the film. These pores allow 
continuing current flow and thus film growth. The steady-state porous anodic film 
consists of a relatively thick porous region of parallel pores and a relatively thin barrier 
layer adjacent to the metal substrate. The film parameters, e.g. pore and cell size and 
barrier layer thickness, are dependent on the anodizing voltage.  
Porous anodic films are generally formed under constant voltage or constant current 
density conditions. The resultant typical current density-time or voltage-time behaviour 
for films formed in the major forming acids are shown in Fig. 2.4. For constant voltage 
anodizing, an initial current surge is observed, followed by a rapid fall in current density 
to a minimum value and a subsequent increase in current density to a slight maximum, 
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before the steady-state current density was attained. For anodizing at constant current 
density, the cell voltage rises with time from the commencement of anodizing to a 
maximum voltage, and subsequently declines to a relatively constant, steady-state 
voltage for the duration of the run. Thus, both transients show an initial non-steady-state 
region followed by a steady-state region of relatively constant current density or voltage, 
which corresponds to an initial non-uniform film growth and then pore development 
leading to the formation and thickening of the relatively regular porous film.[75] 
PAA films are used to protect aluminium surfaces to facilitate good adhesion of paints, 
lacquers or adhesives, and as they may be very hard and several microns thick, they 
have been used in extensive applications for protective and decorative purposes. 
2.7.1 Morphology of PAA Films 
Porous anodic films formed on aluminium in electrolytes such as oxalic acid are 
characterized by a very uniform morphology. Pores are approximately cylindrical, 
situated at the centre of generally close-packed hexagonal cells, and separated from the 
aluminium by a thin layer of oxide. Pores are generally round, and have a size 
determined by the anodizing voltage, but usually modified by the effects of chemical 
dissolution. Figure 2.5 shows the typical morphology of porous anodic film and the 
nomenclature used for it. 
The most significant advances in understanding the morphology and structure of porous 
films arose with the advent of the transmission electron microscope. Setoh and Miyata 
first proposed that porous anodic films have a duplex structure consisting of an inner 
barrier layer beneath a thicker porous layer. This concept was later accepted, and 
confirmed by Keller et al.[76] who proposed a morphological model where pores are 
star-shaped and situated at the centres of close-packed, approximately hexagonal cells, 
whose diameter is a function of electrolyte type and forming voltage. Cell wall 
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thickness and barrier layer thickness are primarily dependent on the forming voltage and 
are affected by the electrolyte type. 
Later, the morphology of porous anodic films formed on aluminium was further 
investigated by several researchers,[77, 78] using electron microscopy for the direct 
observation of stripped films and carbon replicas. The morphology of the porous films 
was reported to be similar to that proposed by Keller et al.[76] However, it was realized 
that pores are generally rounded rather than star-shaped, and have a size proportional to 
the forming voltage, but usually modified by the effects of chemical dissolution. The 
population density of cells and pores are also determined by the voltage.  
Wood et al.,[79] employing directly observation of carbon replicas of fractured 
cross-sections of porous films in the electron microscope, examined the general features 
of porous films formed in phosphoric acid. The typical cell dimensions are given, with 
the ratios of the thicknesses of barrier layer, cell diameter and pore diameter to the 
forming voltage being 1.04, 2.77 and 1.29 nm V-1 respectively. Wood et al.[80] also 
studied films formed at various current densities in a mixed H2SO4-Na2SO4 solution, 
considering the effects of electrolyte concentration, pH and temperature on the resultant 
film parameters. The findings confirmed that the film parameters, such as thickness of 
the barrier layer, pore diameter, cell size and curvature of the pore and cell bases, were 
all directly proportional to the forming voltage. Parkhutik and Shershulsky[75] also 
showed a linear relationship between pore size and the forming voltage for particular 
electrolyte conditions, and a dependency of pore size on solution pH where the pores 
become progressively larger as the pH is increased. 
Hunter and Fowle[81, 82] measured indirectly the following barrier layer nm V-1 ratios: 
1.19 in 4% phosphoric acid at 24 °C; 1.18 in 2% oxalic acid at 24 °C; 1.25 in 3% 
chromic acid at 38 °C; and 1.00 in 1.5 M sulphuric acid at 10 °C. These values compare 
with the cell wall nm V-1 ratios of 1.00, 0.97, 1.09 and 0.80 obtained under the same 
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conditions by Keller et al. The barrier layer nm V-1 ratio depends more on the 
electrolyte concentration than on electrolyte temperature. 
Bailey and Wood[83] extended their work by undertaking a detailed study of the 
morphology of films formed in oxalic acid, which confirmed the geometrical model of 
steady-state porous films. They found that during anodizing at constant current density, 
the voltage exhibits secondary and tertiary rises after extended anodizing times, and 
pore and cell parameters follow these changes.  
O'Sullivan and Wood[9] and Takahashi et al.[84] investigated the current recovery 
phenomenon which occurred during anodizing. The change in the film morphology after 
current recovery revealed directly the dependence of the film parameters on anodizing 
voltage. 
2.7.2 Composition of PAA Films 
Clearly, PAA films contain some form of alumina, and various anion species and water 
from electrolyte acids. 
Early investigations reported about 13% SO3 or 15% SO4 in films formed in sulphuric 
acid.[85-87] Similar observations have been made by Bogoyavlensky et al.[88] and Raub et 
al.[89] who reported 10-17% SO3. Using X-ray photoelectron spectroscopy, Treverton 
and Davies[90] showed both sulphate and sulphide in films formed in sulphuric acid 
under both DC and AC conditions. The presence of sulphide causes the yellow 
colouration of ac films, but the intensity of colour can be modified by adjusting the 
anodizing voltage or the presence of ferric ions. Mason[91] found that the level increased 
with lower operating temperature and high current density. Bracer and Baker,[92] using 
radio-active tracer techniques, confirmed incorporation of about 15% sulphate, which 
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slowly falls as anodizing proceeds. These data suggest that as the film dissolves during 
anodizing, sulphate is more readily removed.  
There has been less agreement on the amount of anion incorporation during oxalic acid 
anodizing. Considering the steric factors involved in fitting acid anions into an alumina 
lattice, Brace and Baker[92] suggested that about four times as much sulphate as oxalate 
should be present in anodic films; this corresponded with the findings of 15% sulphate 
and 3% oxalate.  Fukuda and Fukushima[93] reported that porous films formed in 
oxalic acid incorporate oxalate in a manner that corresponds with the voltage/time curve 
which in itself reflects the initiation and development of pores. 
For films formed in chromic acid, values of less than 1% chromium have been 
reported.[94, 95] Values of 6-8% phosphate have been reported for porous films produced 
in phosphoric acid.[33, 96] Measurement made by Alvey[97] for the four main film types 
gave 11.1% sulphate, 7.6% phosphate, 2.4% oxalate and 0.1% chromate. 
Similar to barrier-type anodic films, the incorporated anions derived from electrolytes 
are not uniformly distributed throughout the porous films which results in duplex film 
textures.  
Nagayama and Takahahi[98] reported that the cell material consists of three regions in 
terms of anion incorporation. The first is in the region of the pore wall, with relatively 
high anion concentration (e.g. 9% oxalate in a film formed in oxalic acid). The 
intermediate region contains even higher anion incorporation (12% oxalate), and the 
final region is at the extremity of the cell, where the anion is present at relatively low 
levels. These researchers and Fukuda[99] used dissolution and chemical analysis 
techniques and obtained similar distributions for phosphate ions, and Fukuda and 
Fukushima[100] confirmed the pattern for sulphate containing films. However, the extent 
of the regions varied with the electrolyte used.  
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Using the pore filling technique to study the dissolution behaviour of PAA films formed 
in phosphoric acid, Ono and Masuoko[101] also found three regions in barrier layers of 
the porous films, but only two layers for oxalic acid formed films. In both film types, 
the inner layers, nearest to the metal, gave dissolution rates independent of the 
anodizing voltages, while the outer and middle layers dissolved at rates that increased 
with voltage. These differences were attributed to differences in anion incorporation, 
and to the presence of defects, the volumes of which increased with increasing forming 
voltage. Mazhar et al.[102] stated that the outer two layers constitute the anion-containing 
region of the film, and found that the dissolution rate for these layers increases with pH; 
they proposed that increased dissolution rates correspond to high anion contents for a 
particular film type. 
Thompson and colleagues[103, 104] at UMIST first observed directly cell wall variations 
and cell boundary bands by ion-beam thinning of anodic films and examining them in 
an electron microscope. They found that, for the relatively large featured films formed 
in phosphoric and oxalic acids, relatively electron opaque bands developed during the 
examination. These bands were readily visible and were separated from the open pore 
by film material of a different texture. No similar bands were evident for films produced 
in chromic and sulphuric acids. Point chemical analysis of the ion-beam thinned films 
formed in phosphoric acid suggested that the cell boundary band is relatively pure 
alumina, with the adjacent differently textured film containing significant amounts of 
phosphorus. Similar results, again indicating the presence of relatively pure alumina cell 
boundary bands, were found for films formed in oxalic and sulphuric acids. The extent 
of the cell boundary bands decreases in the order: 
Chromic acid > phosphoric acid > oxalic acid >sulphuric acid 
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Schematic diagrams of the porous film textures, as suggested by Thompson and 
Wood,[105] are shown in Fig. 2.6. The solid areas of the diagrams represent the pure 
alumina and the textured areas indicate the anion-containing regions. 
The extent of incorporation of these species depends on the nature and concentration of 
the electrolyte and also on the current density and temperature of anodizing. Such 
species are known to have a significant influence on a variety of film properties 
including colouring and electroluminescence phenomena[22, 106], ionic[107] and 
electronic[108] conductivities, recrystallzation[51, 53, 109], rate of chemical dissolution[110] 
and mechanical properties of porous anodic films[111]. 
2.7.3 Structure of PAA Films 
The structure of PAA films has variously been described as amorphous, microcrystalline, 
γ-Al2O3, γ'-Al2O3 or η-Al2O3. In addition, the incorporation of anions and water from 
the electrolyte makes the structure relatively complex. In order to elucidate the precise 
structure of anodic oxide films, studies have been carried out using different techniques 
such as electron and X-ray diffraction, extended X-ray absorption fine structure 
spectroscopy, magic angle spinning-nuclear magnetic resonance and high resolution 
electron microscopy. 
Numerous researchers investigated a large number of anodic films produced by various 
methods and found all of them to consist largely of amorphous oxide, with a percentage 
of the γ-Al2O3 form in some cases.[112-114] In general, high potential was found to favour 
formation of the crystalline lattice, which also tended to form in dilute solution, i.e. at 
less than 0.1% oxalic acid, 0.1-0.5% chromic acid or 0.05% sulphuric acid. Large 
amounts of the crystalline oxide were found using alternating current, as well as at 
higher temperatures. Ono et al.[109] determined lattice parameters from electron 
diffraction patterns of films formed in chromic, phosphoric and sulphuric acids, which 
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had undergone crystallization under the electron beam. They suggested that the film 
material is comparable to η-Al2O3. 
Trillat and Tertian,[115] employing electron diffraction on films of 1-20 µm thick, formed 
in sulphuric acid on pure aluminium, found an outer crystal structure containing a 
mixture of the monolydrate and γ-Al2O3 or α-AlO(OH), whereas the inner layer was 
amorphous alumina. However, in the presence of moisture, the amorphous oxide layer is 
gradually transformed into the monohydrate. 
Franklin[116] found at least three types of oxide in films formed in boric acid-borax 
solution: a hydrated layer at the outside of the film, irregular patches of crystalline 
γ'-Al2O3 within the film, and amorphous oxide as the bulk of the film. 
Some attempts have been made to assess the size of the fine featured microcrystalline 
within anodic films. Harrington and Nelson[112] determined a grain size of 1.2 nm for 
films formed in phosphoric, sulphuric and oxalic acids. Baker and Pearson[117] estimated 
a radius of 2.4 nm whilst Alvey[97] reported dimensions of 9.0, 9.5 and 4.0 nm for oxalic, 
phosphoric and chromic acid films respectively.  
Takahashi et al.[118, 119] suggested that Al3+ cations are both octahedrally and 
tetrahedrally coordinated to O2- ions, based on X-ray fluorescence measurements. Oka 
et al.[120] proposed a model using a disordered γ'-Al2O3 crystalline base which best fitted 
their X-ray scattering data and claimed that amorphous anodic films contain [AlO5] 
coordination polyhedra as well as [AlO4] tetrahedral and [AlO6] octahedral. Later, 4-, 6- 
and 5-fold coordinations of Al3+ with O2- ions have been confirmed[121-123] using 
magic-angle spinning nuclear magnetic resonance (MAS-NMR) which is sensitive to 
aluminium ions in a short-range ordered environment. However, with controlled 
chemical dissolution of anodic film, the residual film unifies to 6-fold coordination. 
Farnan et al.,[122] using MAS-NMR, examined anodic films formed in phosphoric, 
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oxalic, sulphuric and chromic acids. It was found that only 6-fold coordinated 
aluminium is observed in chromic acid anodized film, 4-, 5- and 6-fold coordinations 
are observed in films formed in oxalic and sulphuric acids and 4- and 5-fold 
coordinations in the films formed in phosphoric acid. The results suggested that an 
inhomogeneous film material present both within microcrystalline and within more 
disordered regions of anodic films. 
2.7.4 Pore Initiation 
Since the work of O’Sullivan and Wood[9] on the detailed measurements of the early 
stages of pore initiation and growth, Thompson, Wood and colleagues at UMIST have 
extended the knowledge of pore formation a great deal further. The sequences in the 
development of PAA film can be observed conveniently by examination of carbon 
replicas, stripped[9, 103] and ultramicrotomed[103] sections of anodic films in the 
transmission electron microscope.  
Many electronoptical studies have been undertaken on films formed in the major 
forming acids: sulphuric acid,[124] oxalic acid,[125] phosphoric acid[103] and chromic 
acid[126]. For these cases the changes in the film growth appear to be similar and hence, 
for convenience and to avoid repetition, they are mostly illustrated by the relatively 
large featured films developed in phosphoric acid at high voltage. 
Transmission electron micrographs of ultramicrotomed cross sections of films reveal 
clearly the non-uniform pattern of film growth and the changes in the film section 
appearance (Fig. 2.7). The porous films are formed to various times at a current density 
of 5 mA cm-2 in 0.4 M phosphoric acid. After 10 s, the pre-existing film thickens 
relatively uniformly above the finely spaced scalloped electropolished substrate (Fig. 
2.7a). With further anodizing, the film thickens further, together with the development 
of locally thicker film at the outer surface (Fig. 2.7b). The separation of the 
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protuberances corresponds to the textured appearances of the electropolished substrate 
and they appear to develop above pre-existing metal ridges. The regions of thinner film 
between the protuberances appear similar to pores, but they are not the conventional 
pores, since none is growing at this stage (Fig. 2.7c). After 120 s, further thickening of 
the barrier layer and protuberances is evident and the major pores are developed. The 
relatively pronounced scalloping develops at the metal/film interface beneath the major 
pores (Fig. 2.7d). The degree of the scalloped regions and the diameter of the pores 
increase, until they merge with other scalloped regions and the relatively steady-state 
morphology of porous anodic film is created (Fig 2.7e). Further growth in the 
steady-state region gives rise to the characteristic parallel-sided pores passing normal to 
the macroscopic metal surface. 
During porous anodizing at constant current, the voltage rises linearly associated with 
the thickening of the barrier layer, then may achieve a maximum and minimum before 
attaining the steady-state value (Fig. 2.4a). The deviation from linear voltage rise is 
associated with pore initiation. The initial barrier oxide growth is always accompanied 
by the emergence of locally thicker oxide regions above the network of pre-existing 
metal ridges. Moreover, the local thickening of the oxide becomes more and more 
pronounced as the forming voltage rises, until barrier film growth is overtaken by the 
development of major pores. 
Later diagnostic studies on the initial film growth and pore development sequences have 
involved anodizing on substrates of differently prepared, but controlled, surface cellular 
appearances, e.g. etched[127], mechanical polished[124] or deliberately scratched 
aluminium substrates[128].  Thicker film formation is again above the cell boundaries or 
in the scratched ridges and normal film growth is hindered in the surrounding region 
which was originally electropolished and occupies about 95% of the nominal surface 
area. This indicates the essentially non-uniform current distribution during initial film 
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growth and pore development and its dependence on pre-existing features on the 
original metal surface. 
There is a non-uniform current distribution during initial film growth and pore 
development, with initial current concentration at the thickening regions, but eventual at 
the thin areas where the steady-state pores finally develop. As aluminium is consumed 
in the film growth, the metal/film interface becomes scalloped locally and spreads in a 
radial manner in order to maintain a uniform field strength within this region. At this 
stage, the voltage is still rising in order to maintain the constant field strength in this 
region with continuous thickening of the barrier layer. The relatively continuous spread 
of the scalloped region infers that the effective current density across the barrier layer is 
decreasing in a similar manner. For this situation to proceed and to maintain a uniform 
field strength across the barrier layer, other pores competing for current must cease to 
grow, i.e. the incipient pores.[9]  
When the scalloped regions merge at the metal/film interface, their further spread is 
clearly defined, and the hexagonal arrangement of the cell base pattern is created, more 
uniform local current density requirements are generated, and the film material thickens 
relatively uniformly, with the pore and cell diameters remaining constant. Thus, the 
steady-state growth of porous anodic film is developed. 
Xu et al.,[36] using inert Xe markers, revealed that the critical condition for pore 
initiation in anodic alumina occurs when no film material forms at the film surface, i.e., 
all Al3+ ions that migrate to the film surface are ejected to the electrolyte. This occurs at 
an efficiency of about 60% when the volume of formed oxide is approximately equal to 
the volume of metal consumed. Pore initiation was attributed to the instability of the 
film surface when subjected to field-assisted dissolution of alumina at local regions 
when the field was enhanced. Pore-filling is prevented by the absence of growth of new 
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oxide at the film surface, while increased stresses from electrostriction assist 
stabilization of the pores. 
A finite-element method was adopted by Xu,[72] later presented by Thompson et al.,[129] 
to determine the potential distribution during the stages of initial film growth and 
development of penetration paths. For the initially developed film (Fig. 2.8a), a 
relatively uniform potential distribution is evident across the film section. However, 
with the development of penetration paths through field-assisted dissolution (Figs. 2.8 a, 
b, c), the potential lines remain relatively uniformly separated within the compact 
regions of the film but are concentrated immediately beneath the paths, indicating a 
local increase in field strength. The development of the penetration paths into the 
readily recognized pores arises and is assisted by the relatively strong lateral component 
of the field beneath the tip of the penetration path, resulting in its lateral expansion to 
develop an embryo pore with its characteristic inversely funnelled sectional appearance. 
Shimizu et al.[130] explained that preferred sites for pore development were due to a 
scalloping effect created during electropolishing which leads to an increased localized 
current which causes amplified O2- ingress and Al3+ ejection. Continued pore 
development was then described as being associated with developed tensile stresses. 
These stresses generate localized microcreak within the oxide film above the ridges of 
the scalloped metal/oxide interface (Fig. 2.9a). Due to the healing of the cracks, a 
non-uniform film is formed (Fig. 2.9b). The non-uniform oxide layer subsequently 
concentrates the current into the regions of thinner film located between areas of the 
healed cracks. Further film growth within the regions of thinner films leads to 
pronounced scalloping at the metal/oxide interface until steady growth was maintained 
(Fig. 2.9c).
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2.7.5 Mechanism of PAA Film Growth 
It is well understood that the growth of PAA films occurs at the metal/film interface due 
to inward migration of O2- ions across the barrier layer.[13, 14] Simultaneously, Al3+ ions 
migrate outward and are ejected to the electrolyte solution at the pore base. However, 
the precise mechanism of PAA film formation is not well-defined, and the mechanism 
of highly ordered porosity that can be achieved by selection of substrate pretreatment 
and anodizing conditions is uncertain. 
As a consequence of pore development, the electric field and ionic current become 
concentrated in the barrier layer beneath the major pores. This implies continued ingress 
of O2- ions to form a solid film at the metal/film interface and corresponding Al3+ 
ejection at the pore base/electrolyte interface. Thus, the initial development of a major 
pore can be seen as a competition between film growth and film dissolution at the pore 
base in the reactive environment.  
Several models have evolved to explain the formation of PAA films using different 
basic concepts. A field-assisted dissolution mechanism was previously proposed and 
adopted by many researchers. Hunter and Fowle[82] suggested that chemical dissolution 
at the pore base was due to an increase in temperature. This concept was reinforced by 
Lewis and Plumb[62] who, after examining the results of radiographic experiments, 
concluded that the pores developed from the base upwards. Later Hoar and Mott[60] 
suggested that pore formation was attributed to a thermally-assisted, field-accelerated 
dissolution of anodic alumina at the pore base producing both Al3+ and O2- ions. 
Further consideration of field-assisted dissolution was forwarded by O’Sullivan and 
Wood[9] who described how dissolution would also be assisted by polarization of Al-O 
bonds by the electric field. The field would drive the O2- ions into the oxide film while 
moving the Al3+ ions outward to the electrolyte. This bonding is weakened further by 
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hydrogen bonding of the O2- ions with OH- ions momentarily trapped in the lattice prior 
to moving on or decomposing into O2- ions and protons, thus facilitating Al3+ 
dissolution ultimately as Al(H2O)63+. They also found that the voltage remains constant, 
and the resultant parameters describing the pores and cells are also unchanged. The 
self-adjusting situation between the pore radius and the curvature of the pore base arises 
from the growth rate of the barrier layer at the metal/oxide interface being determined 
by the field across the barrier layer; conversely the oxide dissolution rate at the 
film/electrolyte interface is determined by the local field at the pore base, which is aided 
by Joule heating effects. The two competing forces maintain the pore radius constant. 
The development of penetration paths in the film surface and, ultimately, pores arises 
from the concentration of the field beneath and closely adjacent to them. The 
concentration of the field and, hence, current results in the so-called field-assisted 
dissolution of the film material, probably thermally enhanced through local 
Joule-heating effects. Field assisted dissolution proceeds at rates up to 300 nm min-1 
compared with chemical dissolution rates in the absence of the field, at rates of up to 0.1 
nm min-1.[131, 132] 
Cherki and Siejka[13] used nuclear microanalysis and O18 tracers to investigate the 
mechanisms of growth, dissolution and transport associated with oxygen during the 
formation of PAA films. They found that about 60% of the ionic current is transported 
by oxygen ions and about 40% by aluminium cations during film formation. It was also 
suggested that for steady-state conditions, the total current consumed Itot is composed of 
three ionic currents: 
Itot = Iox + IAl + Idec 
in which Iox is the current due to the movement of oxygenated anions which are 
transferred from film/solution interface through the base layer to the metal/oxide 
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interface where new film is formed, IAl is the current due to the transport of aluminium 
cations going through the base layer and passing directly into the solution and Idec is the 
current due to the movement of ions generated by the field assisted decomposition of 
the film. The ratio of Iox : IAl : Idec is 0.6 : 01 : 0.3. 
Oxygen tracer studies by Siejka and Ortega[14] also revealed that pore formation did not 
cause loss of oxygen from the film and it was the loss of aluminium to the electrolyte 
that gave rise to the reduced efficiency of film growth to close to 60%. The mechanism 
was proposed to involve field-ejection of Al3+ ions and field-assisted decomposition of 
alumina at the pore base. 
The concept of a direct ejection of Al3+ ions into the electrolyte during the formation of 
PAA films was confirmed by Xu et al.[36, 72] using inert Xe markers. Furthermore, they 
found that the current components ratio changes with electrolyte type and current 
density employed. 
Sato[133] put forward a concept of plastic flow being one mode of mechanical 
breakdown of anodic oxide film and a major factor in pore formation and ordering. 
Using thermodynamic concepts, Sato estimated that electrostriction stresses at the 
bottom of the pores would be as high as 100 MPa, which were one hundred times 
greater than that acting on the pore walls. Sato speculated that the stresses at the pore 
bases are sufficient to force it flow plastically or even breakdown the anodic oxide film. 
It is suggested that the eventually closed-packed alignment of pores on top of the anodic 
oxide film would be the most stable form to relieve the immense stresses at the pore 
bases. 
Mathematical models for PAA film growth have been developed, based on descriptions 
of ion transport and interfacial reactions, and including effects of surface energy and 
elastic stress.[75, 134, 135]  
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Parkhutik and Shershulsky[75] developed equations governing interface motion, based 
on the electric field distribution in the scalloped barrier layer at the pore bases, which is 
thought to be inhomogeneous both laterally and inward in the oxide. Its depth 
dependence arises from the non-planarity of the barrier layer and also from the space 
charge accumulated in the oxide during its growth.[136] The steady-state film geometry 
was predicted as a function of both pH and applied voltage. 
Houser and Hebert[137] presented a model for the potential distribution in PAA films 
during their steady-state growth. The predicted potential field was used to determine 
whether the metal/film and film/electrolyte interface profiles are time-invariant, as 
expected for steady-state PAA film growth. Simulation results of potential distributions 
indicated that the simulation derived from the current continuity equation, coupled with 
high-field ionic conduction, is much more realistic than that from Laplaces’s equation, 
based on the assumption of no space charge, suggesting the presence of significant 
space charge. However, the electric field at the metal/film interface was found to be 
intrinsically enhanced at the convex ridges, which resulted in the prediction of locally 
high tensile stress and rapid interface motion.  
Recently there has been considerable experimental work using tracer methods by 
colleagues at the University of Manchester to investigate the mechanism of PAA film 
formation. They proposed a new flow mechanism, relative to the field-assisted 
dissolution model, to explain details of pore generation and development in PAA films. 
Garcia-Vergara et al.[16] anodized sputtering deposited aluminium at 5 mA cm-2 in 0.4 M 
sulphuric and phosphoric acids and found an increased thickness of the anodic film 
relative to that of the metal consumed by an expansion factor of 1.35, which exceeded 
the expected value of 1.16 based purely on the field-assisted dissolution of alumina and 
on that the increased film thickness is approximately equal to the pore volume. They 
speculated that the high plasticity of the anodic alumina in the barrier region in the 
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presence of ionic transport and film growth stresses displace material from the barrier 
layer toward the cell wall regions, and this contributes to an enhanced thickness of the 
film relative to that of the metal consumed. 
In addition, according to the field-assisted dissolution model, the movement of the 
barrier layer is determined by the migration rate of the O2- ions, while thinning by 
dissolution maintains a constant thickness. However, due to more rapid inward 
migration of O2- ions than that of phosphorus species, the inner, relatively pure alumina 
should thicken, while the phosphorus-containing region should diminish due to its 
dissolution at the pore base. Thus, phosphorus species would be eliminated from the 
barrier layer. In reality, the thickness of phosphorus-containing region was also found 
constant as that of the barrier layer during the steady state growth of PAA. 
Comparatively, the flow mechanism allows for incorporation of phosphorus species into 
the film, with phosphorus species also being transported toward the cell walls, in 
addition to their inward migration in the barrier layer. 
Skeldon et al.[18] and Garcia-Vergara et al.[17] further employed a tungsten tracer layer 
that is incorporated into the aluminium substrate, followed by detection of the tracer 
species after anodizing in phosphoric acid by TEM and RBS. TEM showed that the 
tungsten tracer band is distorted in shape within the film, flowing upwards from pore 
bases toward cell wall regions as the pores develop, and the tungsten concentration 
beneath the pores is diluted. Although initially incorporated into the barrier layer at 
locations beneath pore bases, the tracers at these locations subsequently lag behind that 
found at cell walls. RBS spectra disclosed negligible loss of tungsten species after 
anodizing, confirming that all the tungsten tracer was still retained in the PAA film. 
These findings are also contrary to expectations of the field-assisted dissolution model 
of pore development but are consistent with flow of film material due to plasticity and 
strong growth stresses in the barrier layer of anodic alumina. 
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A schematic diagram, based on the flow mechanism, of the tungsten tracer migration 
during growth of porous film is shown in Fig. 2.10. Initially, the tungsten tracer is 
oxidized and incorporated into the barrier layer of porous film (Fig. 2.10a). Following 
anodizing, the tungsten beneath the pore is moved outward by about 30 nm relative to 
the film/electrolyte interface and extended to the cell wall region (Fig. 2.10b). The 
tungsten in the barrier layer is further stretched and migrates around the pore base and 
the cell wall due to flow of oxide in the barrier layer under electrostriction (Fig. 2.10c). 
As evident from Fig. 2.10, the tungsten species remains within the film, which is in 
agreement with the negligible losses of tungsten indicated by RBS result. 
In contrast to the dissolution mode, the findings of Garcia-Vergara et al.[16, 17] indicate 
that the constant thickness of the barrier layer of PAA film is maintained by flow of 
oxide from the barrier layer toward the cell wall, driven by compressive stresses from 
electrostriction and through volume expansion due to oxidation. The behaviour of 
tungsten tracers suggests that alumina beneath the pore flows toward the cell walls due 
to the combined effects of growth stresses within the film and plasticity of the film 
induced by ionic migration.[17] Skeldon et al.[18] explained that at sites of locally 
reduced film thickness, associated with topography of the initial aluminium, the local 
electrical field is enhanced, thereby increasing the electrostriction stresses and 
displacing alumina toward adjacent lower stress regions, where alumina thickens. The 
displacement reduces the field at the thickened regions and increases the field, and also 
current density, at the thinner regions, thus stabilizing the pores. 
Generally, field-assisted flow mechanism is a more reasonable compared with the 
field-assisted dissolution model as it explains the maintenance of a constant thickness of 
barrier layer during the PAA growth, incorporation and migration of phosphorus species 
and expansion of the film relative to the thickness of the metal consumed.  
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However, there are two types of behaviour during PAA growth being disclosed 
depending upon the type of the electrolyte. For electrolytes that produce films with 
significant anion contamination, such as phosphoric[17, 18], oxalic and malonic acid[138], 
the following are observed: (1) the shape of the tungsten layer is severely distorted and 
inversely distributed during transport through the barrier layer; (2) negligible tungsten 
species are lost to the electrolyte and (3) the thickness of the anodic film is much greater 
than that of the oxidized aluminium. In contrast, for electrolytes that produces film with 
negligible anion contamination, e.g. alkaline borax electrolyte[139] or chromic acid[140], 
the following are found: (1) the tracer layer remains essentially similar in shape in the 
metal and anodic film; (2) tungsten species are lost to the electrolyte when they reach 
the base of the pores; and (3) the thickness of the anodic film is similar to that of the 
oxidized aluminium. These differences in behaviour have been interpreted as reflecting 
a dominant role of field-assisted dissolution of the anodic alumina in the development 
of pores in the case of electrolytes of the second type, while for those of the first type, 
field-assisted film plasticity and deformation of the film under growth stresses play a 
key role in the formation of the pores. 
Houser and Hebert[141] later extended their PAA growth model to include material flow, 
which had been visualized using tungsten tracers by Skeldon and co-workers[17, 18]. Both 
one-dimensional and two-dimensional simulations were applied to elucidate the flow 
pattern. The simulated flow patterns displayed similar characteristics to those revealed 
by experimental studies. These simulation results suggest that the coupled stress and 
potential distributions in the anodic films regulate the interface motion during the 
formation of self-ordered pore arrays. 
The one-dimensional model shows that the mean stress at the film/electrolyte interface 
is assigned a negative value, which indicates a significant inward flow originating from 
the interface, directed toward the metal (Fig. 2.11). The inward flow velocity exceeds 
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the interface velocity when the radius is less than 90 nm, and is less than the interface 
velocity at larger radius. Hence, tracers introduced from the metal would at first appear 
to move away from the metal, but would then stop when the ‘barrier’ depth is reached. 
However, the one-dimensional model cannot predict the lateral drift of the tracers after 
they reach the barrier. 
The two-dimensional simulation for the steady-state film growth at 36 V in oxalic acid 
are illustrated in Fig. 2.12.[142] Due to the geometry of the pore, nearly the entire ionic 
current is focused at the pore bottom (Fig. 2.12a). The flow is produced by the high 
deposition rate of O2- ions along the film/electrolyte interface at the pore bottom, and is 
driven by the locally elevated compressive stress near this interface (Fig. 2.12b). The 
oxide flows at first toward the metal/film interface, and then the flow separates, with a 
portion filling the reacted metal volume, and the remainder drifting laterally toward the 
pore wall before finally turning upward. Houser and Hebert proposed that the current 
efficiency relates directly to the deposition rate of oxygen ions, and therefore controls 
the magnitude of the viscous flow.  
The simulations of the tracer profile evolution indicated that viscous flow contributes 
significantly to mass transport in the oxide, especially the lateral drift to the pore walls. 
It is suggested that viscous flow originates from high local compressive stresses close to 
the pore base and might also be contributed by Maxwell stress and electrostriction, due 
to enhanced electric field near the film/solution interface.[143] The competition of strong 
anion adsorption with deposition of oxygen at the film/electrolyte interface might also 
have a significant effect on the formation of compressive stress near the pore base.  
Besides compressive stresses in the PAA films, close simulation results also revealed 
characteristic tensile stress regions close to the ridge on the metal/film interface, which 
is associated with the enhanced stress gradient near the ridge. The localized tensile 
stress well explains frequently observed voids in the oxide on ridges.[144-146] The overall 
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in-plane stress in the anodic film is observed to transfer from compressive to tensile at 
current density of 0.6-1 mA cm-2,[147, 148] which explains the crack development during 
anodizing at high current densities.[149]  
2.8 Introduction to the Present Work 
Porous anodic films on aluminium have received considerable attention recently due to 
the interest in the application as templates to synthesize various nanostructures in the 
forms of nanopores, nanowires and nanotubes.[1, 2, 4, 5, 146, 150] Experimental 
investigations have identified that the pore diameter and the interpore distance can be 
simply controlled by the anodizing parameters such as electrolyte type, anodizing 
voltage, anodizing time, current density and electrolyte temperature. However, the 
growth mechanism of PAA films is still not well understood. 
The present work thus considers the detailed growth processes of PAA films over 
anodizing at a range of current densities and temperatures in sulphuric, oxalic and 
phosphoric acids, using appropriate combinations of advanced experimental techniques. 
Multiple tungsten tracer layers, incorporated into aluminium substrate by magnetron 
sputtering, are used to better elucidate the steady-state growth of PAA films.  
The influences of current density and temperature of the electrolyte on the PAA 
formation were assessed, in terms of film morphology, film expansion, tracer 
distribution and anodizing efficiency during film formation. The migration of 
phosphorus species derived from phosphoric acid electrolyte and the interaction 
between phosphorus and tungsten tracers in relation to the use of tungsten species as a 
tracer for investigating the generation of pores in alumina films is also investigated. 
Transmission electron microscopy of ultramicrotomed cross sections of aluminium and 
its attached films have been used extensively for direct observation. In addition, high 
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resolution scanning electron microscopy of the surface of the films and plan view of 
inner films, achieved by removing film surface using sputtering of argon gas by glow 
discharge optical emission spectroscopy, has also been used to examine PAA films 
formed in various anodizing conditions. 
Quantitative analyses of film compositions, by Rutherford backscattering spectroscopy 
and nuclear reaction analysis, have been employed to determine the losses of film 
species, such as aluminium and tungsten, and the efficiency of film formation. The 
relationships between current density, electrolyte temperature, film expansion factor, the 
amounts of film species and the efficiency of film formation are presented and 
discussed.  
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Figure 2.1 Schematic diagrams illustrating the ionic transport in (a) barrier and (b) 
porous anodic films on aluminium. 
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Figure 2.2 Schematic diagrams of marker experiments to determine the mobilities of 
electrolyte species during the formation of anodic alumina films at 100% Faradaic 
efficiency. The mobilities are referenced to an inert immobile marker layer such as 
ion-implanted xenon. The arrows in the figures indicate the relative distances migrated 
during film growth of ions that were initially located at the marker layer implanted into an 
initial negligibly thick film. (a) Relatively pure anodic alumina film, as formed in 
hydroxide electrolyte. The marker is buried at a depth of 0.4 of the film thickness. (b) 
Anodic alumina film containing an immobile electrolyte species (hatched area). The 
electrolyte species contaminate the outer 0.4 of the film thickness. (c) Anodic alumina 
film containing an outward-migrating electrolyte species [x]z+. The electrolyte species 
contaminate a layer of <0.4 of the film thickness. (d) Anodic alumina film containing an 
inward-migrating electrolyte species [x]z-. The electrolyte species contaminate a layer 
of >0.4 of the film thickness.[71] 
 
(a) (b) (c) (d) 
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Figure 2.3 Schematic illustrations of the generation of O2- or OH- ions at the surface of a 
barrier film during growth.[9] 
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Figure 2.4 The classic voltage-time and current density-time behaviours for anodizing at 
constant current density and constant voltage in the major porous film forming acids: (a) 
constant current conditions, and (b) constant voltage conditions. 
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Figure 2.5 Schematic diagram of a porous anodic film showing the pri
morphological features.
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Figure 2.6 Schematic diagrams showing the plan and cross
its adjacent cell formed in each of the major anodizing acids: (a) sulphuric; (b) oxalic; (c) 
phosphoric; (d) chromic
adjacent to the pore and relatively pure alumina where cells meet.
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Figure 2.7 Transmission electron micrographs of ultramicrotomed sections of the anodic 
films formed at 5 mA cm
(b) 40 s; (c) 90 s; (d) 120 s; (e) 160 s.
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Figure 2.8 Schematic illustrations of ultramicrotomed sections of anodic films 
corresponding to the initial stages of pore development: (a) initial growth of a relatively 
uniform alumina during the rising voltage region; (b) subsequent development of 
penetration paths into the alumina; (c) further development of penetration paths with 
preferred development of embryo pores and regions of disaggregated alumina at the 
film/electrolyte interface.[129] 
(a) (b) (c) 
  
Figure 2.9 Schematic diagrams illustrating the non
oxide and the cracking and healing processes that lead to the development of major 
pores.[130] 
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Figure 2.10 Schematic diagrams showing the migration of tungsten tracer band during 
growth of porous anodic film on aluminium.[17] 
(a) (b) (c) 
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Figure 2.11 One-dimensional model illustrating the velocity relative to the metal surface, 
along with the mean stress and electric field for the PAA film near the pore axis.[141] 
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Figure 2.12 Two dimensional simulation of steady-state film growth. (a) Current lines 
and potential distribution for anodic film growth in oxalic acid at 36 V (colour scale is 
potential in volts). (b) Velocity vectors and mean stress for the same simulation as in (a) 
(colour scale is dimensionless stress).[142]
(a) (b) 
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Chapter 3 
Experimental Procedure 
3.1 Introduction 
This chapter describes the experimental procedures and techniques employed, the 
specimen design and preparation, and the conditions of anodizing used in the present 
study. Specimens of magnetron sputtering deposited aluminium incorporated with single 
or multi Al-W alloy tracer layers were used in most cases, to better investigate the 
influence of the incorporation of electrolyte anion species on the formation of barrier 
and porous anodic films and, importantly, the mechanism of formation of porous anodic 
alumina films. The relevant details of the major analytical techniques necessary for 
detailed examination of the films, such as scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) allied with EDX, glow discharge optical 
emission spectrometry (GDOES) etc., are introduced briefly. 
3.2 Substrate Material 
Superpure aluminium of 99.99% purity was used as the substrate of specimens for 
growth of barrier or porous anodic films. The nominal impurity composition of the 
aluminium sheet is: Fe 8 ppm, S 8 ppm, Cu 50 ppm, with other elements less than 1 
ppm wt%. The aluminium was cut to dimensions of 0.2 × 20 × 40 mm using a guillotine. 
The resultant specimens were degreased with acetone and then ethanol and dried in a 
cool air stream. 
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3.3 Specimen Preparation 
The aluminium substrates were electropolished at 20 V in perchloric acid/ethanol (1/4 
by vol.) at 278 K for 3 min, rinsed in ethanol and deionized water and, finally, dried in a 
cool air stream. Appropriate safety measures are taken during electropolishing, such as 
careful control of the temperature of the electrolyte, wearing appropriate laboratory coat, 
safety spectacles and rubber gloves. 
In most cases, the electropolished substrates were anodized to 100 V in an ammonium 
pentaborate solution at room temperature to form a barrier film on the surface. 
Aluminium and tungsten were subsequently deposited on the substrates using 
magnetron sputtering with 99.99% aluminium and 99.99% tungsten targets as described 
in the following sections. 
Spade electrodes were made from the deposited aluminium substrates. A length of 
aluminium wire, 2 mm in diameter, was slit at one end and connected to one end of the 
longer dimension of the specimen, by squeezing the joint together with a pliers to 
ensure good electric contact. A working area of 15 × 20 mm on one side of the specimen 
was marked using a protective lacquer. The lacquer was also placed to the aluminium 
wire to insulate it from the anodizing electrolyte. At the end remote from the joint, a 
length of the wire, about 20 mm long, was left uncovered for electric connection. 
After painting with lacquer, the specimens were left dry overnight for later anodizing in 
three major forming acids under various conditions. 
In order to investigate the incorporation and migration of phosphorus species in anodic 
alumina films containing an Al-W alloy tracer layer, the specimens were designed 
differently and prepared. Those specimen design and experiment procedures are given 
in detail in Chapter 7. 
 
 
Chapter 3 Experimental Procedure 
81 
3.4 Experimental Procedure 
3.4.1 Electropolishing 
Prior to anodizing, specimens were electropolished in a stirred perchloric acid/ethanol 
mixture to remove surface impurities and give relatively smooth, reproducible surface 
finish.  
The electropolishing solution was prepared carefully by slowly adding 200 ml of 60% 
perchloric acid to 800 ml of absolute ethanol in a 2 l beaker, surrounded by a cooling 
bath with ice and water to maintain the temperature of the mixed solution below 10 °C.  
Electropolishing was performed in a fume cupboard with appropriate safety measures 
which were mentioned before. The experimental arrangement of electropolishing is 
shown in Fig. 3.1. 
Electropolishing was also carried out in the beaker, surrounded by the ice/water. In 
order to maintain the temperature of the bath and to save electrical energy, the 
aluminium substrate was covered with a protective lacquer on one side and left to dry 
overnight. Then the specimen was placed in the middle of the beaker clamped in an 
electrical connection rod, and made the anode of the cell. A cylindrical aluminium plate 
was immersed in the solution, working as the cathode. Individual specimens were 
electropolished for 3 minutes at a constant voltage of 20 V. After electropolishing, the 
specimen was rinsed thoroughly with ethanol first and then deionized water, and dried 
in a cool air stream, then stored in a desiccator prior to anodizing. 
Stirring during electropolishing was essential and was performed continuously using a 
magnetic stirrer at the bottom of the beaker. Precautions were taken throughout the 
whole electropolishing process, from the preparation of solution to the electropolishing 
operation, since the solution is powerfully oxidizing and potentially explosive. When 
not in use, the solution was stored in a labelled bottle and placed in a chemical storage 
bin containing Kieselguhr. 
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3.4.2 Anodizing in Ammonium Pentaborate 
Most of the electropolished aluminium specimens were anodized in 0.1 M ammonium 
pentaborate (NH4B5O8·4H2O) to 100 V at a current density of 5 mA cm-2 at room 
temperature. The voltage-time responses are shown in Fig. 3.2, which are highly 
reproducible for the high purity aluminium substrates. The voltage rose linearly with an 
average slope of 2.4 ± 0.04 V s-1. A smooth barrier alumina film about 120 nm thick was 
developed on the surface, corresponding to a formation ratio of 1.2 nm V-1. The barrier 
film provides a flat surface for deposition of aluminium and Al-W alloy nanolayers and 
it works as thickness and position references. After anodizing, each specimen was 
rinsed with copious deionized water and then dried in a cool air stream. 
The anodizing cell for the barrier film formation is similar to that for electropolishing, 
which was shown previously in Fig. 3.1. 
3.4.3 Barrier Film Stripping in CrO3-H3PO4 Solution 
In order to obtain clean, microscopically flat and undeformed surfaces, aluminium 
specimens are usually surface treated by chemical polishing or electropolishing. 
However, such procedures will bring in various impurities in the surfaces, which are 
generally regarded as undesirable entities and may influence the subsequent behaviour 
of aluminium. In reality, a hot aqueous solution containing CrO3 and phosphoric acid is 
used widely as a post-electropolishing treatment to remove a thin, Cl- doped polishing 
film, ~4 nm thick, while maintaining the flatness of the initial polished surface.  
In the study of Chapter 7, the hot CrO3-H3PO4 solution is used in the barrier film 
stripping procedure, with the purpose of improving the flatness of the surface of the 
specimen for later magnetron sputtering, as well as controlling the thickness of the 
deposited aluminium. Stripping of the formed barrier alumina film was employed by 
immersion of the film for sufficient time in a solution containing 20 g l-1 CrO3 and 35 
ml l-1 H3PO4 at 60 °C, followed by rinsing in deionized water and drying in a cool air 
stream.  
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The film stripping rate of the solution at 60 °Cwas carefully measured through a 2-step 
anodizing procedure. Initially, electropolished aluminium was anodized at 5 mA cm-2 in 
0.1 M ammonium pentaborate to 250 V to form a ~300 nm-thick barrier film. The 
barrier film was subsequently immersed in the stripping solution for various times, 
ranging from 5 to 60 min, then rinsed with copious deionized water and dried in cool air 
stream. The specimens were then re-anodized individually and the initial voltage surges 
were recorded. The voltage surges at the commencement of re-anodizing were due to 
the presence of the residual alumina films after immersion in the stripping solution, and 
it depended on the thickness of the residual films. The thickness of the barrier film that 
had been stripped off was calculated based on the value of initial voltage surge. Thus, a 
relationship between immersion time and the thickness of barrier film stripped is given 
in Fig. 3.3. The polynominal fit of the data is drawn by a red line and the related 
polynomial regression equation is given: 
T = 1.86063 + 8.8266 t – 0.03086 t2 
in which T is the thickness of barrier film being stripped and t is the immersion time. 
The film stripping procedure resulted in the original barrier film being removed by 
dissolution and replaced by a thin alumina film containing Cr3+ (in the form of hydrated 
Cr2O3) and PO43- ions, which influence on the subsequent behaviour of anodic film 
development during anodizing. 
3.4.4 Magnetron Sputtering 
Magnetron sputtering is a physical vapor deposition (PVD) method of depositing thin 
films of pure solid metal or alloy or a variety of compounds. In the process, atomized 
material from a solid is ejected due to energetic bombardment of its surface layers by 
ions or neutral particles, and then deposited onto a substrate. 
Prior to the sputtering procedure, a vacuum of less than one ten millionth of an 
atmosphere must be achieved. From this point, a closely controlled flow of an inert gas 
such as argon is introduced, which raised the pressure to the minimum, a few ten 
thousandth of atmospheric pressure, to operate the magnetrons. 
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A DC power or high RF power is supplied to the magnetron; thus, a negative voltage of 
typically -300 V or more is applied to the target and a high magnetic field is generated 
close to the target. This ionizes some argon atoms and attracts positive argon ions to 
bombard the negative target surface, which results in two important processes. Firstly, 
atoms are knocked out of the target surface as the energy transferred to it normal to the 
surface is much larger than the surface binding energy. This process is called sputtering. 
Secondly, secondary electrons are emitted from the target surface that become trapped 
by the magnetic field and undergo further ionizing collisions with argon atoms which 
sustains the plasma. By optimizing the distance between target and substrate, the 
approach angles of the target atoms to the substrate surface are so randomized that a 
uniform film results. A schematic diagram of DC magnetron sputtering is shown in 
Fig. 3.4. 
Single and multiple layers of tungsten tracers were sputtering deposited on to the 
substrate surfaces after electropolishing and barrier alumina film formation, depending 
on the subsequent investigation purposes.  
The substrates were attached to a circular copper table in an Atom Tech 
sputtering-deposition facility, with the temperature remaining below 298 K during 
sputtering. The table rotated beneath 50 mm diameter targets of 99.999% aluminium 
and 99.95% tungsten. The sputtering chamber was initially evacuated to a pressure of 3 
× 10-5 Pa, with subsequent sputtering depositon in 99.999% argon at 0.5 Pa. The current 
densities for sputtering of aluminium and tungsten were set to 320 and 130 mA 
respectively. The aluminium target was operated continuously and the tungsten target 
was operated intermittently to generate 4 or 7 equally spaced layers of Al-W alloy 
within the deposited aluminium. The thicknesses of the deposited aluminium and the 
tungsten tracer layers are controlled by the time of sputtering. Each tracer layer was ~5 
nm thick, with a separation of ~50 nm. When sputtering was complete, the current to the 
aluminium target was switched off and the chamber pressure was raised to atmosphere 
pressure. Then the specimens were removed from the chamber and stored in a 
desiccator. 
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3.4.5 Anodizing in the Major Forming Acids 
The sputtering deposited aluminium specimens were used as spade electrodes, which 
was described in a previous section. Subsequently, the specimens were anodized in the 
major forming acids, sulphuric, oxalic and phosphoric acids, under various anodizing 
conditions. The concentration of all the electrolyte acids is 0.4 M. 
Generally, anodizing was performed in a 1 l beaker, with a circulating water-glycol 
mixture running through its double walls. The beaker was connected to a FL601 
recirculating chiller through 2 plastic tubes to control the temperature of the electrolyte 
solution, ranging from -20 °C to 40 °C. The solution was also continuously stirred with 
a magnetic stirrer to further prevent the solution temperature from rising dramatically 
during anodizing. A cylindrical sheet of high purity aluminium or a platinum net sheet 
was used as the cathode. The anodizing cell is shown schematically in Fig. 3.5. 
After anodizing, the specimens were rinsed with copious deionized water and dried in a 
cool air stream. 
The voltage-time responses during anodizing were recorded on a computer, with a 
Labview 7.0 system for data collecting. 
3.5 Analytical Techniques 
3.5.1 Scanning Electron Microscopy (SEM) 
Scanning electron microscope (SEM) is a microscope that uses a focused beam of 
high-energy electrons to generate a variety of signals at the surface of solid specimens. 
It has greatly extended the limited magnification range of the optical microscope. The 
combination of higher magnification, larger depth of focus, greater resolution, and ease 
of sample observation makes the SEM one of the most heavily used instruments in 
various research areas nowadays. 
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The surface and cross section morphologies of porous anodic films on aluminium 
formed in major forming acids were examined by SEM, using a Philips XL 30 
instrument and a Zeiss Ultra 55 instrument respectively. 
For film surface examination using the Philips XL 30 instrument, a small portion of the 
anodized aluminium specimen, of approximate dimension 3×5 mm, was attached to a 
standard aluminium specimen stub of 1 inch in diameter, using a silver conducting paste. 
3-6 specimens were attached to one stub to save time for changing stubs, with tiny 
reference mark made by a sharp knife beside each piece of specimen. The instrument 
was operated at accelerating voltages of 10-20 kV and working distances of 8-10 mm 
for high resolution. Images were mainly taken in the secondary electron mode. 
For cross section examination, a specimen block was trimmed with a glass knife, then 
sectioned by ultramicrotomy with a diamond knife. In order to reduce oxidation and 
contamination of the cross section of the anodic film, the specimen block was 
immediately put into the specimen chamber after carefully sectioning, and examined 
using the Zeiss Ultra 55 instrument. The accelerating voltage was normally 1.5 kV and 
the working distances were in the range 2-2.5 mm. Images were mostly taken in the 
backscattered electron mode. 
3.5.2 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of 
electrons is transmitted through a suitably thin specimen. An image is formed from the 
interaction of the electrons transmitted through the specimen; the image is magnified 
and focused onto an imaging device, such as a fluorescent screen, a layer of 
photographic film, or to be detected by a sensor such as a CCD camera. Figure 3.6 
illustrates a schematic diagram of a transmission electron microscope. 
Conventional TEM is a major technique in the direct examination of the morphology 
and structure of anodic films formed on aluminium.[9, 103]  
In the present study, a JEOL-2000 FX II microscope was employed extensively to 
observe the morphology of cross sections of the anodic films and the distribution of 
Chapter 3 Experimental Procedure 
87 
tungsten tracer layers in the films and to determine the thickness of the films. The 
instrument was operated at 120 kV, with magnifications ranging from 20k to 80k. Image 
was taken on photographic film, which was then transferred to digital image through a 
film scanner. 
Specimens of porous anodic films formed in phosphoric acid were also examined by a 
TECNAI F30 instrument, working at 300 kV, with a Gatan imaging filter (GGIF2001) 
and an Si(Li) detector with a super-ultra-thin window for energy-dispersive X-ray (EDX) 
analysis of the barrier layers of the porous films. The probe size during EDX line 
profiling was 1 nm.  
Specimens for direct examination in the TEM should be ultra thin; thus, a suitable 
technique, ultramicrotomy,[34] is employed to enable preparation of electron transparent 
specimens for subsequent examination and analysis necessary. The sectioning process 
by ultramicrotomy is described below. 
3.5.2.1 Specimen Preparation by Ultramicrotomy 
The ultramicrotomy technique consists in mechanically cutting the specimen in 
transverse sections using firstly a glass knife and then a diamond knife. A Leica Ultracut 
UCT ultramicrotome instrument was used, consisting of a pivoted arm, which is free to 
move past a fixed knife mechanism. The specimen was advanced mechnanically by the 
desired thickness after each cut. 
After anodizing of the aluminium specimens, a small portion of each specimen, of 
approximate dimensions 3 × 12 mm, was mounted in a standard 00 size BEEM 
embedding capsule, positioned parallel to the axis of the capsule. The specimen was 
then encapsulated in an epoxy resin containing Agar 100 resin, DDSA (Dodecenyl 
Succinic Anhydride), MNA (Methyl Nadic Anhydride) and BDMA 
(Benzyldimethylamine) in the weight ratio of 24:13:13:1. The filled capsule was 
solidified in an oven at 60 °Cfor 36 hours before the specimen block was extracted 
from the capsule.  
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The specimen block was placed in the ultramicrotome and trimmed first using a glass 
knife to obtain the required dimensions for the tip of the block (Fig. 3.7). The tip was 
then sectioned using a diamond knife. Both the glass and diamond knife had a cutting 
angle of 45°. During the final sectioning using the diamond knife, the cutting speed and 
section thickness were set at 0.2 mm s-1 and 15 nm respectively. A small trough is 
located at the rear of the diamond knife, which is filled with deionized water before 
sectioning to allow the sectioned slices to float on the water for later collection. The 
water level at the knife edge was carefully adjusted to maintain a moderate concave 
meniscus for easy collection of the sectioned slices. Slices were collected from the 
water using a 200 mesh copper grid with a thin supporting carbon coating on one side. 
The grid was dried on filter paper and stored in grid box for subsequent TEM 
examination. Figure 3.8 shows schematic diagrams of ultramicrotomy sectioning of a 
specimen block using a diamond knife. 
3.5.2.2 Electron-beam-induced Crystallization 
In the study of migration of phosphorus species in PAA films containing an Al-W alloy 
tracer layer, the distribution of phosphorus was revealed by exposing the film to a flux 
of electrons in the TEM to crystallize preferentially the phosphorus-free regions of the 
film. The electron beam was slightly converged to an area with specific pores in the 
middle, for a period of time in the range 5-20 min. Duplex structure appears gradually 
during exposure to the electron beam. 
3.5.3 Rutherford Backscattering Spectroscopy (RBS) 
Rutherford backscattering spectroscopy (RBS) is used for quantitative analysis of 
composition, thickness and depth profiles of thin film materials by measuring the back 
scattered energies of a beam induced by high energy ions impinging on a sample. In the 
present study, the compositions of the films and the efficiencies of anodizing, based on 
the cations in the films, were determined by RBS.  
RBS was carried out employing an 1.7 MeV alpha particles (4He+) beam provided by 
the 2.5 MeV Van de Graaff accelerator of the University of Paris. The beam current and 
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diameter were 60 nA and 1 mm respectively, with the beam incident normal to the 
specimen surface. Particles were detected at 165° to the incident beam direction. The 
data were interpreted using the XRUMP program,[151] with scaling of the stopping 
power for oxygen by 0.88. 
3.5.4 Nuclear Reaction Analysis (NRA) 
Nuclear reaction analysis (NRA) is a nuclear reaction method employed in materials 
science to obtain concentration vs. depth distribution for certain target chemical 
elements, e.g. oxygen, in a solid thin film. Generally, a beam of charge particles (an ion 
beam) with an energy from a few hundred keV to several MeV is produced in an 
accelerator and bombards a sample, resulting in products of nuclear reactions typically p, 
d, t, 3He, α particles and  γ rays and producing a spectrum of particle yield versus 
energy. 
The composition of oxygen in the porous anodic films was measured by NRA, using 
880 keV 2H+ ions, with detection of emitted protons at 150° to the direction of the 
incident beam.[152] The reaction is given below by: 
16O + d (2H+) ≤? 17O + p (1H+) 
Comparisons were made with an anodized tantalum standard of known oxygen content. 
3.5.5 Glow Discharge Optical Emission Spectrometry (GDOES) 
Glow discharge optical emission spectroscopy (GDOES) is a technique which allows 
the evaluation of elemental concentration profiles of film materials. It is possible to 
obtain information from the first nanometres to the first few micrometres of the 
specimen. GDOES has an excellent depth resolution and also high sensitivity for 
detection of elements, given the amounts of impurity species detected successfully. 
Thus, GDOES, with its further ability of routine and rapid analysis of films of thickness 
up to several hundreds of microns, has significant potential in studies of the corrosion 
and filming behaviour of materials.[46, 48, 52] 
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A GD-Profiler 2 (Horiba Jobin Yvon), operating in the radio frequency mode at 13.56 
MHz, was used for GDOES elemental depth  profiling of the specimens anodized in 
the phosphate solution. A 4 mm-diameter copper anode was employed, with an analysed 
area of 4 mm diameter. The emission responses from the excited sputtered element were 
detected with a polychromator of focal length of 500 mm with 30 optical windows. The 
barrier anodic films were sputtered in an argon atmosphere of 700 Pa at a power of 35 
W, with a data acquisition time of 0.005 s. Light emission from the sputtered species 
was monitored throughout the analysis. Prior to profiling, pre-sputtering of a sacrificial 
silicon wafer was undertaken at the power and pressure used for depth profiling to 
provide a clean plasma source and to stabilize the plasma at the commencement of 
depth profiling.[153] 
In order to observe the morphology of the pores and cells in the middle thickness of 
porous anodic films, including the distribution of tungsten tracers in the cells, sputtering 
by an argon plasma in the GDOES was used to remove selected thicknesses of the outer 
films. Sputtering was carried out under low pressure of 800 Pa and power of 20 W and 
was terminated when either the third tungsten tracer layer or the depth between the third 
and the fourth tungsten layer was reached. The surfaces of the produced craters were 
then examined by SEM.  
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Figure 3.1 Schematic diagram of the electropolishing apparatus 
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Figure 3.2 Voltage-time responses for aluminium substrates anodized at 5 mA cm-2 in 0.1 
M ammonium pentaborate at room temperature. 
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Figure 3.3 The relationship between immersion time in the stripping solution of 
CrO3-H3PO4 mixture at 60 °C and the thickness of the barrier alumina film being stripped 
off. 
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Figure 3.4 Schematic diagram of the magnetron sputtering process. 
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Figure 3.5 Schematic diagram of the galvanostat anodizing apparatus. 
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Figure 3.6 Schematic diagram of a transmission electron microscope. 
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Figure 3.7 Schematic diagrams showing the preparation of specimens by ultramicrotomy: 
(a) cross section profile of the block tip, (b) top view of the block tip. 
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Figure 3.8 Schematic diagrams illustrating two possible cutting directions during 
ultramicrotomy: (a) cutting transversely through the surface film (cross-section view); (b) 
cutting transversely (plan view); (c) cutting longitudinally (plan view).
(a) 
(b) 
(c) 
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Chapter 4 
Characterization of PAA Films 
4.1 Introduction 
It has been known for many years that the characteristics of porous-type anodic films on 
aluminium are determined by the electrolyte employed and the conditions under which 
they are formed. Morphological features of the cells and pores comprising these films 
have been revealed, and methods have been developed for determining their dimensions. 
PAA films comprise a thin barrier layer next to metal and an outer layer of porous 
alumina, in which the pores, orientated normal to the metal, extend from the barrier 
layer to the film surface. Pores are mutually parallel and situated at the centres of 
close-packed, approximately hexagonal cells. The interpore distance ranges from ~10 
nm to ~500 nm, and along with the pore diameter being controlled by the film formation 
voltage and the electrolyte type.  
Recently, a tungsten tracer method has been used for further investigating the growth of 
porous anodic films on aluminium. In this chapter, the surface and cross-section 
morphologies of the porous anodic films, formed on sputtering-deposited aluminium 
with multi-layers of incorporated Al-W alloy tracer, were examined using scanning and 
transmission electron microscopies and compared with those of films formed on 
electropolished aluminium substrates in three major forming acids. Quantitative 
analyses of film compositions, by Rutherford backscattering spectroscopy and nuclear 
reaction analysis, were employed to determine the loss of film species and the efficiency 
of film formation. 
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4.2 Experimental Procedure 
Substrates, of dimensions 4 × 2 × 0.02 cm, prepared from 99.99% aluminium foil, were 
electropolished, then rinsed in ethanol and deionized water and dried in a cool air 
stream. A ~120 nm thick barrier anodic film was subsequently formed on the 
electropolished substrates by anodizing to 100 V at 5 mA cm-2 in 0.1 M ammonium 
pentaborate electrolyte at room temperature. Pure aluminium, incorporating multi-layers 
of Al-W alloy, was then sputtering-deposited on the substrates using an Atom Tech 
sputtering-deposition facility. The sputtering of aluminium proceeded continuously to 
deposit a ~375 nm thick film. The sputtering of tungsten was operated intermittently to 
generate 7 equally spaced layers of Al-W alloy within the aluminium film. Each Al-W 
layer was ~5 nm thick, with a separation of ~42 nm. The substrates were masked with 
lacquer to define a working area of 2.25 cm2. They were then anodized at 5 mA cm-2 in 
0.4 M sulphuric, oxalic or phosphoric acid at room temperature for sufficient time to 
oxidize completely the deposited aluminium. After anodizing, the specimens were 
removed immediately from the electrolyte, rinsed in deionized water and dried in a cool 
air stream. 
For comparison, a further group of electropolished substrates was directly anodized in 
the major forming acids under the same conditions as used for the sputtering-deposited 
specimens. 
The anodized specimens were examined by scanning electron microscopy (SEM) in a 
Philips XL 30 instument, using a small portion of each specimen, of approximate 
dimensions of 3×5 mm, that was attached to an aluminium specimen stub. The 
instrument was operated at accelerating voltages of 10-20 kV. Cross-sections of the 
anodic films with incorporated tungsten tracer layers were prepared by ultramicrotomy 
with a diamond knife. The electron-transparent sections were examined by transmission 
electron microscopy (TEM) using a JEOL-2000 FX II instrument. The microscope was 
operated at an accelerating voltage of 120 kV. The compositions of the deposited 
aluminium and the anodic films were determined by Rutherford backscattering 
spectroscopy (RBS) using ion beams supplied by the Van de Graaff accelerator of the 
University of Paris. The amounts of oxygen in the films were determined by nuclear 
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reaction analysis (NRA), employing 880 keV 2H+ ions, with detection of emitted 
protons. Oxygen was quantified using a reference specimen of anodized tantalum of 
known oxygen content (6.89 ×1017 oxygen atoms cm-2). RBS and NRA data were 
interpreted using the RUMP program. 
4.3 Results 
4.3.1 PAA Films Formed on Electropolished Aluminium 
4.3.1.1 Voltage-Time Responses 
Typical voltage-time responses for electropolished aluminium during anodizing at 5 mA 
cm-2 in 0.4 M sulphuric, oxalic and phosphoric acid electrolytes are shown in Fig. 4.1. 
At the commencement of anodizing, there were initial voltage jumps to ~2 V due to the 
presence of the air-formed oxide film on the electropolished substrates. Subsequently, 
the voltage increased linearly, before reaching a maximum value, followed by a slow 
decline to a steady plateau region. The slopes of the initial linear voltage rises were 
similar for anodizing in the three major acids at the same current density of 5 mA cm-2, 
with ~1.1, ~1.3 and ~1.2 V s-1 for anodizing in sulphuric, oxalic and phosphoric acids 
respectively. For anodizing in sulphuric acid, a maximum value of ~20 V was reached, 
before the voltage declined to a final voltage of ~17 V after 45 s (Fig. 4.1a). The 
maximum and final steady voltages for anodizing in oxalic acid were ~43 and ~36 V 
respectively (Fig. 4.1b). In contrast, the voltage for anodizing in phosphoric acid 
increased to a maximum of much higher voltage of ~155 V and then gradually 
decreased to a steady value of ~120 V after relatively longer time of ~300 s (Fig. 4.1c). 
Overall, the final voltage for anodic film growth increases in the sequence: sulphuric 
acid < oxalic acid < phosphoric acid. 
4.3.1.2 Plan Views of PAA Films 
Plan views of the surfaces of the anodic films formed on electropolished aluminium 
substrates in the three major film-forming acids at 5 mA cm-2 at room temperature are 
shown in the scanning electron micrographs of Fig. 4.2. The pores of the anodic films 
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were evident as dark spots due to their deep penetration into the anodic films. Generally, 
the pores formed in the three major forming acids were uniformly and regularly 
distributed over the film surface. The major pores were approximately round in shape, 
with small incipient pores around them. The average pore diameter and interpore 
distance of the major pores were 9 ± 2 and 30 ± 2 nm respectively for anodizing in 
sulphuric acid and 18 ± 3 and 50 ± 3 nm respectively for anodizing in oxalic acid. The 
cell dimension of the film formed in phosphoric acid was the largest due to its much 
high final voltage during anodizing, with the major pore diameter and interpore distance 
being 55 ± 5 and 260 ± 20 nm. Except the major pores, shallow troughs, of ~40 nm in 
diameter, were present at the film surface, which is due to formation of ridges and 
troughs during initial stage of film growth at the surface of electropolished aluminium. 
It is found that the ratios of the pore diameter to the final voltage were close to ~0.50 
nm V-1, with 0.53, 0.50 and 0.46 nm V-1 for anodic films formed in sulphuric, oxalic 
and phosphoric acids respectively. Morphological parameters of the porous anodic films 
formed on electropolished aluminium in the three major forming acids are summarized 
in Table 4.1. 
4.3.2 PAA Films Formed on Sputtering-Deposited Aluminium 
4.3.2.1 Voltage-Time Responses 
The voltage-time responses for the sputtering-deposited aluminium films, with 7 
incorporated Al-W alloy tracer layers, anodized at 5 mA cm-2 in the three major forming 
acids, were reproducible and of similar form to those for anodizing of high purity 
electropolished aluminium under the same conditions (Fig. 4.3). For anodizing in 
sulphuric acid, the voltage increased linearly from the commencement of anodizing, 
with a slope of ~1.2 V s-1, followed by a transition to a relatively steady voltage in the 
range 20-22 V, associated with establishment of the major pores (Fig. 4.3a). Seven small 
peaks were evident at the steady voltage region, which is due to the oxidation of the 
incorporated layers of the heavy tungsten tracer. The voltage rose steeply at ~225 s, 
indicating the complete oxidation of the deposited aluminium and revelation of the 
underlying, non-conductive barrier film. Similarly, the voltage-time response for 
anodizing in oxalic acid electrolyte reveals an approximately linear rise, with a slope of 
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~1.1 V s-1, followed by a region of relatively steady voltage ranging from 36 to 38 V 
(Fig. 4.3b). The oscillation of the voltage in the relatively steady region represents 
oxidation of the tungsten tracer bands. For anodizing in phosphoric acid, the voltage 
rose initially with a similar slope of ~1.2 V s-1, then the slope reduced gradually before 
the voltage reached a steady voltage ~120 V, with no obvious oscillation at this stage. 
The voltage rose again at ~228 s, indicating that all the aluminium had been consumed 
and the underneath barrier film was reached. Small oscillations of the voltage were not 
present because the final voltage was high enough to oxidize and transport the tungsten 
tracer in the barrier layer of the anodic film and to maintain the constant current density.  
4.3.2.2 Morphologies of PAA Films 
Scanning electron micrographs of plan views of the anodic films reveal features of 
facets at the film surfaces, which are due to the conversion of the faceted surface of the 
deposited aluminium into amorphous anodic oxide (Fig. 4.4). The pores of the anodic 
films were evident as dark features. They were of variable shape, approximating to 
round, triangular, square and rectangular as well as less regular shapes. The average 
diameters of the major pores formed in the sulphuric and oxalic acids were 11 ± 2 nm 
and 18 ± 3 nm, corresponding to steady voltages during anodizing of 20-22 V and 36-38 
V respectively. The diameters of the major pores were similar to those of pores formed 
on electropolished aluminium under the same anodizing conditions. Other relatively 
small pores represent embryo pores that have stopped growing during the growth of the 
films. The pores formed in phosphoric acid were the largest, with pore diameters being 
77 ± 5 nm, corresponding to a steady voltage ~162 V. Facets of the aluminium surface 
were distinguished clearly and shallow, embryo pores existed besides the dark major 
pores (Fig. 4.4c). For all the anodic films formed in the three major forming acids, the 
diameters of pores at the film surfaces were probably less than those within the film, 
since the major pores were inversely funnelled in the early stages of their development. 
Morphological parameters of the anodic films formed on sputtering-deposited 
aluminium in the major forming acids are summarized in Table 4.2. 
A transmission electron micrograph of an ultramicrotomed cross section of the 
sputtering-deposited aluminium discloses 7 tungsten tracer layers in the 
columnar-grained, deposited aluminium (Fig. 4.5a). The deposited aluminium film was 
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378 ± 5 nm thick, with ~4 nm thick tracer layers being evenly distributed in the 
aluminium. The tracer layers were of uniform contrast and slightly wavy due to the 
columnar-grained structure and fine-scale roughness of the aluminium surface during 
deposition of the aluminium, which is typical for the conditions of sputtering. Beneath 
the deposited aluminium was the ~120 nm thick alumina barrier film, which was formed 
before sputtering by anodizing the aluminium substrate at 5 mA cm-2 in 0.1 M 
ammonium pentaborate to 100 V at room temperature. 
Thin cross sections of porous anodic films formed in the major forming acids are shown 
in the transmission electron micrographs of Figs. 4.5b-d. Following anodizing of the 
aluminium, the tungsten layers were incorporated into the anodic films. The aluminium 
and the tracer layers were expanded in thickness relative to that in the initial deposited 
aluminium, due to conversion of metal to oxide during anodizing. 
Following anodizing for ~225 s at 5 mA cm-2 in 0.4 M sulphuric acid, major pores 
developed in a film of 545 ± 5 nm thick and all the deposited aluminium were oxidized 
(Fig. 4.5b). A barrier layer of ~20 nm thick was present beneath the pore bases, 
corresponding to a formation ratio of ~1.0 nm V-1. Most pores were perpendicular to the 
film surface, but some diverged in the middle, to angles within 30° to the vertical 
direction. The tungsten tracer layers were of similar waviness to that of the layers in the 
deposited aluminium. Based on thickness measurement of the TEM micrographs, the 
expansion factor of the thickness of the anodic film to that of the consumed aluminium 
was ~1.44, to an accuracy of 5%. 
A similar morphology of the porous anodic film formed in oxalic acid is revealed in Fig. 
4.5c. Straight pores were aligned vertical to the film surface. The anodic film was ~490 
nm thick, which is ~1.30 times the thickness of the deposited aluminium, to an accuracy 
of 5%. 
PAA films formed in phosphoric acid under similar anodizing conditions had the largest 
cell and pore dimensions. The barrier layer beneath some major pores reached the 
barrier film formed in ammonium pentaborate, but residues of non-oxidized metal were 
evident along the scalloped metal/film interface (Fig. 4.5d). The outer ~100 nm of the 
anodic film reveals smaller pores, which represent incipient pores that have not 
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developed into the major pores characteristic of the final voltage (Fig. 4.5d and Fig. 4.6). 
The barrier layer thickness of the porous film was ~180 nm, corresponding to a 
formation ratio of ~1.1 nm V-1. The tracer layers in the barrier layer region were 
severely distorted in shape beneath the major pores. Except for the bottom layer of 
tungsten tracer, the tungsten incorporated beneath the pores lags that incorporated into 
the main cell wall region and the reduced contrast indicates a diminished concentration. 
Figure 4.6 shows a scanning electron micrograph of the cross section of an anodic film 
formed in phosphoric acid. Notably, the outer cell wall regions were free of tungsten 
tracer species. The depths and widths of the pores appeared variable, which is mainly 
due to that the variant position in the pores the film section passed through. Since the 
pores were distributed in the films in 3 dimensions, the pores which were sectioned 
through their pore axes, appeared larger than those were passed close to their pore walls. 
Another reason is that the pores were not well developed and the cells were not yet 
regularly packed in the anodic film during anodizing for short time of ~240 s. 
4.3.2.3 Compositions and Anodizing Efficiencies of PAA Films 
The sputtering-deposited aluminium substrates were examined by RBS before and after 
anodizing at 5 mA cm-2 in sulphuric, oxalic and phosphoric acids in order to determine 
the total amounts of aluminium and tungsten in the films and the charge required to 
oxidize the deposited aluminium completely. The ratio of the charge associated with all 
the cations in the film to the charge required to oxidize the deposited film gives the 
efficiency of anodizing under the selected conditions. The charge required is the product 
of the current density and the anodizing time. In addition, the amounts of oxygen in the 
anodic films were determined by NRA, enabling determination of the anodizing 
efficiency in another way by the ratio of the charge of oxygen ions relative to the charge 
passed in the forming film. Generally, anodizing efficiencies calculated from NRA 
analysis are relatively more accurate than that from RBS analysis since the amount of 
oxygen in the films determined by NRA analysis is more accurate and reliable. 
The RBS spectrum for the sputtering-deposited aluminium discloses yields from 
aluminium and multi-layers of Al-W alloy, which are indicated by seven peaks in the 
high energy region (Fig. 4.7). The presence of any hydrogen and carbon species could 
not be quantified by RBS due to its low sensitivity for light elements. The amounts of 
Chapter 4 Characterization of PAA Films 
106 
tungsten and aluminium in the deposited film correspond to 3.6 × 1016 and 2.2 × 1018 
atoms cm-2 respectively. Thus, the average amount of tungsten in each layer was 5.1 × 
1015. Assuming the atomic density of the Al-W alloy layer is close to that of pure 
aluminium, namely 6.02 × 1022 atoms cm-3, and based on the average amounts of 
tungsten in each layer from RBS and the thicknesses of the tracer layer from 
transmission electron micrographs, the average atomic percentage of tungsten in the 
tracer layers was ~16.9%. 
Following anodizing at 5 mA cm-2 in sulphuric acid for 225 s, a porous anodic film was 
formed and all 7 layers of the Al-W alloy were oxidized. However, only 6 peaks of 
tungsten were revealed in the spectrum because the peaks became less sharp with 
increasing depth due to energy straggling of the beam, which is influenced by the 
porous nature of the film (Fig. 4.8). The anodic film contained 1.55 × 1018 Al atoms 
cm-2 and 3.7 × 1016 W atoms cm-2. The total amount of tungsten in the film was about 
2.8% higher than that in the deposited aluminium, which is due to experimental error 
during fitting the RBS spectra (within 5% accuracy). A signal from sulphur indicates 
that sulphur species were incorporated into the anodic film during the anodizing process. 
Previous investigations indicated that sulphur species were distributed to a depth of 
about 95% of the barrier layer.[16, 105] The charge required to form the anodic film, 
assuming formation of Al3+ and W6+ ions and no side reactions, was ~0.778 C cm-2. The 
total charge consumed in forming the anodic film was 1.125 C cm-2, derived from an 
anodizing time of 225 s at 5 mA cm-2. Hence, the anodizing efficiency is estimated as 
69.2%. 
The anodic film formed at 5 mA cm-2 in 0.4 M oxalic acid contained 1.50 × 1018 Al 
atoms cm-2 and 3.7 × 1016 W atoms cm-2 (Fig. 4.9). The amount of tungsten in the film 
was ~2.8% higher than that in the deposited aluminium, which is also within 5% 
experimental error. The charge required to form Al3+ and W6+ ions in the film was ~0.76 
C cm-2 and the total charge passed through the anodic film was ~1.135 C cm-2, due to an 
anodizing time of 227 s at 5 mA cm-2. Consequently, the calculated anodizing efficiency 
is 66.7%. 
The amounts of aluminium and tungsten in the anodic film formed at 5 mA cm-2 in 0.4 
M phosphoric acid were 1.59 × 1018 and 3.6 × 1016 atoms cm-2 (Fig. 4.10). Incorporated 
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phosphorus species are also revealed in the RBS spectrum. The RBS spectra of Figs. 4.7 
and 4.10 disclose negligible losses of tungsten (within 5% error) into the electrolyte, 
compared with the amount of tungsten in the deposited aluminium before anodizing. 
The calculated efficiency from RBS for phosphoric acid anodizing is 70.1%. The results 
derived from the RBS spectra for all the films are summarized in Table 4.3.  
The NRA spectra for specimens before and after anodizing in the major forming acids 
reveal peaks of oxygen due to the 16O(d, p1)17O reaction (Fig. 4.11). The oxygen 
contents, determined following subtraction of the yield from the barrier film underneath 
the deposited aluminium, and the anodizing efficiencies based on number of oxygen 
ions in the films are given in Table 4.4. The numbers of oxygen atoms in the anodic 
films formed in sulphuric, oxalic and phosphoric acids were 2.37 × 1018, 2.17 × 1018 and 
2.30 × 1018 cm-2 respectively. These corresponded to charges of oxygen ions of ~0.667 
and ~0.655 C cm-2 for anodizing in sulphuric and phosphoric acids respectively, using 
the mean charge number of oxygen of -1.76e and -1.78e calculated from the film 
compositions determined in fitting the RBS spectra, which are similar to values 
obtained by Garcia-Vergara et al. under similar anodizing conditions.[16] For oxalic acid 
anodizing, it is assumed that COO- ions were incorporated in the film and the average 
charge number per oxygen ion is -1.92e.[138] Hence, the oxygen in the film formed in 
oxalic acid corresponded to a charge of ~0.666 C cm-2. The resultant anodizing 
efficiencies, calculated by the ratio of charge of oxygen relative to the total charge 
passed, were ~59.3%, ~58.7% and ~57.5% for anodic films formed in sulphuric, oxalic 
and phosphoric acids respectively (Table 4.4). 
4.4 Discussion 
Generally, PAA films, usually formed in acid electrolytes, consist of a relatively thin 
barrier layer next to the metal, of thickness proportional to the anodizing voltage, and an 
overlying porous region, of thickness proportional to the charge passed for a particular 
current density. The individual pores usually extend from the barrier layer normal to the 
film surface. The base of each pore is of approximately hemispherical shape, resulting 
in a scalloped aluminium/film interface. The cell width and pore diameter depend upon 
the anodizing conditions, with typical formation ratios of 2.7 and 1.2 nm V-1. During 
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porous anodic film formation, the barrier layer, cell and pore dimensions are 
approximately constant, while the porous part of the film progressively increases in 
thickness. The pores can self-organize into a regular pattern under certain, controlled 
conditions of anodizing, consisting of hexagonal cells with a central circular pore in 
each cell. In contrast to this idealized film morphology, more usually, the pores are less 
regularly distributed, depending upon the roughness of the aluminium substrate before 
anodizing. 
The results in the present work suggest no significant difference of pore diameters and 
pore formation ratios for anodic films formed on electropolished aluminium and for 
films formed on sputtering-deposited aluminium under the same anodizing conditions, 
although the pores evident at the film surfaces were relatively closer packed and ordered 
distributed for the electropolished aluminium specimens, which is mainly due to the 
smoother surface of the electropolished aluminium than the surface of the 
sputtering-deposited aluminium. The sites of the initial pores depend upon the 
topography of the original aluminium surface.[154] Some incipient pores stop growing, 
while others develop into the major pores of the film. The presence of Al-W alloy 
nanolayers in the deposited aluminium resulted in transient small voltage rises when the 
Al-W alloy layers were initially incorporated into the barrier layer, but they have little 
influence on the average plateau voltages of anodizing, and consequently the general 
filming behaviour in terms of pore morphology, cell dimension and anodizing 
efficiency.[16] Therefore, pore diameters, determined by the plateau steady voltages of 
anodizing, were quite similar for anodic films formed on both types of aluminium. 
Notably, the voltages oscillated transiently for anodizing of the deposited specimens in 
sulphuric and oxalic acids, with relatively low range of plateau voltages. Comparatively 
for anodizing in phosphoric acid, the voltage oscillation was not distinguishable since 
much higher voltages over 120 V were attained during anodizing.[16]  
The particular forming acid employed for anodizing influences both film formation and 
the properties of the resultant anodic films. Relatively similarly featured porous films 
formed at constant current density in these acids show widely different steady voltages 
and, hence, anodic parameters. The cell dimension increases in the order: sulphuric acid 
< oxalic acid < phosphoric acid, as the final steady voltage increases in the same 
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sequence. However, the ratios of the pore diameters at the film surface relative to the 
forming voltages for anodizing on both types of aluminium are ~0.5 nm V-1, 
independent of the type of electrolyte applied. It indicates that the forming voltage has 
no bearing on the pore formation ratio, which is consistent with the finding for 
anodizing in sulphuric acid by Hunter and Fowle.[81] It should be noted that the pore 
formations ratios in the present study are less than the typical value of ~1.2-1.3 nm V-1 
for the steady-state porous alumina films formed at 5 mA cm-2 in phosphoric acid.[9] 
The considerable smaller ratios are due to that the films were formed on thin sputtered 
aluminium in short periods of time. Thus, the developed pores were not in a completely 
steady state. Further, the pores were only measured at film surfaces, where the pores 
were actually smaller than that near the pore base regions. 
Anodic alumina films grow by outward migration of Al3+ ions and inward migration of 
O2- ions, with respective transport number of about 0.4 and 0.6.[11] For barrier-type 
anodic film growth at 100% efficiency, about 40% of the film thickness forms at the 
film/electrolyte interface, due to migration of Al3+ ions, with the remainder forming at 
the metal/film interface by migration of O2- ions.[12] Low concentrations of species 
derived from the electrolyte anions are normally incorporated into the growing film. In 
contrast, porous film growth occurs when no film material is added to the 
film/electrolyte interface and new film material is formed only by inward migration of 
O2- ions, which corresponds to an efficiency of about 60% for conditions close to those 
presently used for anodizing.[129] In the present study, the anodizing efficiencies were 
determined by RBS and NRA analyses. The resultant anodizing efficiencies determined 
by NRA analysis were close to 60% in the major forming acids, which is consistent with 
previous investigations using nuclear microanalysis and O18 tracers.[13, 14] The anodizing 
efficiencies determined by RBS were higher than that by NRA, because the coarse 
porosity and absence of planar interfaces, evident in the RBS spectra from the high 
slope of the back edge region of the films, limited the accuracy of determination of 
aluminum content to about 10%.[16] 
The present study used a tungsten tracer method to investigate further porous anodic 
film growth on aluminium. The approach involves incorporation of multi-layers of 
Al-W alloy into the aluminium substrate, followed by observation of the distribution of 
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the tungsten tracers in the anodic films, especially tungsten in the barrier layer regions 
and cell walls. Tungsten is an ideal tracer due to its slow movement within the anodic 
film compared with Al3+ ions and its strong atomic number contrast, resulting in its 
observation in the transmission and scanning electron micrographs. For anodic films 
formed in phosphoric acid, it is clearly shown in the TEM micrographs that the tungsten 
layers were severely distorted and distributed in the inner barrier layer regions and cell 
walls. During the anodic film growth, the first and final stages of incorporation of 
tungsten into the film occurred at locations beneath the pores and cell boundaries 
respectively, due to the scalloping of the barrier layer. Thus, tungsten incorporated at the 
pore base region should lie ahead of tungsten at the cell walls, if the W6+ ions only 
migrate outward under the electric field. However, the real behaviour of tungsten is 
contrary to the theoretical deduction. The distribution of tungsten species in the film 
formed in phosphoric acid is contradictory to the expectations of a field-assisted 
dissolution model, in which cation species move only by ionic migration and the 
tungsten tracers in the barrier layer should bend toward the pore base. Further, the RBS 
results indicate that losses of tungsten species to the electrolyte during formation of 
PAA films are negligible, which is similar to the findings for anodic films with a single 
incorporated Al-W alloy layer formed under similar conditions.[17, 138, 155] Retention of 
the tungsten species arises from their presence in the inner regions of barrier layer and 
cell wall , which is associated with their slow outward migration relative to that of Al3+ 
ions and its transport from the barrier layer toward the cell wall due to flow of alumina, 
driven by compressive stresses from electrostriction.[133] Thus, they do not reach the 
pore base, and hence, only Al3+ ions are ejected to the electrolyte at this region. The 
reduced efficiency of film growth, ~60%, is therefore due to the loss of Al3+ ions. The 
detail of the distribution of tungsten species in the anodic films formed in sulphuric and 
oxalic acids was not revealed by TEM observation due to the much smaller size of the 
pores compared with that formed in phosphoric acid and that the thicknesses of the 
ultramicrotomed film sections are comparable to the cell dimensions, which hinders 
revelation of the true and detailed distribution of tungsten close to the barrier layer 
regions and cell walls of the anodic films. Nevertheless, the growth of these anodic 
films is also suggested to be driven by flow of alumina under the present anodizing 
conditions, since negligible losses of tungsten species were also found and, the 
increased thickness of the anodic films relative to that of the oxidized metal, by factors 
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more than 1.30, cannot be explained by the dissolution model.[138, 155] The growth of 
anodic films formed in sulphuric acid and oxalic acids are further investigated in the 
following chapters, regarding the influences of current density and temperature on the 
detailed distribution of tungsten species in the anodic films and resulting anodizing 
efficiencies.  
4.5 Conclusions 
1. The pore diameters and pore formation ratios were similar for porous anodic films 
formed on electropolished aluminium and on sputtering deposited aluminium under 
the same anodizing conditions. The presence of the Al-W alloy layers, with low 
concentrations of tungsten of ~17% atomic percent, has little influence on the cell 
dimensions and morphologies of the porous films. 
2. The cell dimension of PAA film increases in the order: sulphuric acid < oxalic acid 
< phosphoric acid, with the final steady voltage increasing in the same sequence. 
However, the pore formation ratios of the pore diameters at the film surface relative 
to the forming voltages were ~0.5 nm V-1, independent of the type of electrolyte 
applied. 
3. Porous anodic films formed on aluminium in the three major forming acids during 
anodizing at 5 mA cm-2 and 25 °C develop pores due to flow of alumina from 
beneath the pore bases toward the cell walls. The flow is indicated by displacement 
of the tungsten tracer layers and retention of tungsten within the anodic films.  
4. The resulting anodizing efficiencies under the present anodizing conditions were 
~60%, due to the loss of Al3+ ions contributing to grow film on the film/electrolyte 
interface during formation of the anodic films. 
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Table 4.1 Morphological parameters of the anodic films formed on electropolished 
aluminium at 5 mA cm-2 and 25 °C. 
Electrolyte 
(0.4 M) 
Initial 
voltage 
slope 
(V s-1) 
Plateau 
voltage 
(V) 
Pore 
diameter 
(nm) 
Interpore 
distance 
(nm) 
Pore 
formation 
ratio 
(nm V-1) 
H2SO4 1.14 17 9 30 0.53 
Oxalic aicd 1.28 36 18 50 0.50 
H3PO4 1.20 120 55 260 0.46 
 
 
Table 4.2 Morphological parameters of the anodic films formed on sputtering-deposited 
aluminium, with 7 incorporated Al-W alloy tracer layers, at 5 mA cm-2 and 25 °C. 
Electrolyte 
(0.4 M) 
Initial 
voltage 
slope 
(V s-1) 
Plateau 
voltage 
(V) 
Pore 
diameter 
(nm) 
Pore 
Formation 
ratio 
(nm V-1) 
H2SO4 1.18 21 11 0.52 
Oxalic acid 1.06 37 18 0.49 
H3PO4 1.23 162 77 0.48 
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Table 4.3 RBS analysis results for the PAA films, with 7 incorporated Al-W alloy 
tracer layers, formed at 5 mA cm-2 in the three major forming acids at 25 °C. 
Specimen 
Amount of Al 
(atoms cm-2) 
Al/Al0 
ration 
Amount of 
W 
(atoms cm-2) 
Electrolyte 
anions 
(atoms cm-2) 
Anodizing 
time 
(s) 
Anodizing 
efficiency 
from 
cations 
As deposited 2.20 × 1018  3.6 × 1016  
  
Anodized 
in 
H2SO4 1.55 × 1018 0.70 3.7 × 1016 1.07 × 1017 225 0.692 
Oxalic 
acid 1.50 × 10
18
 0.68 3.7 × 1016 / 227 0.667 
H3PO4 1.59× 1018 0.72 3.6 × 1016 1.16 × 1017 228 0.701 
 
 
 
 
Table 4.4 NRA analysis results for the PAA films, with 7 incorporated Al-W alloy 
tracer layers, formed at 5 mA cm-2 in the three major forming acids at 25 °C. 
Specimen 
Amount of 
oxygen 
(atoms cm-2) 
Mean charge 
number of 
oxygen 
(e) 
Charge of 
oxygen 
(C cm-2) 
Anodizing 
efficiency 
from anion 
ions 
Anodized 
in 
H2SO4 2.37 × 1018 -1.76 0.667 0.593 
Oxalic acid 2.17 × 1018 -1.92 0.666 0.587 
H3PO4 2.30 × 1018 -1.78 0.655 0.575 
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Figure 4.1 Voltage-time responses for electropolished aluminium, following anodizing at 
5 mA cm-2 in 0.4 M (a) sulphuric, (b) oxalic and (c) phosphoric acid at 25 °C . 
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Figure 4.2 Scanning electron micrographs of electropolished aluminium, following 
anodizing at 5 mA cm-2 in 0.4 M (a) sulphuric, (b) oxalic and (c) phosphoric acid at 
25 °C . 
(b) 
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Figure 4.3 Voltage-time responses for sputtering-deposited aluminium, with 7 
incorporated Al-W alloy tracer layers, following anodizing at 5 mA cm-2 in 0.4 M (a) 
sulphuric, (b) oxalic and (c) phosphoric acid at 25 °C. 
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Figure 4.4 Scanning electron micropraphs for sputtering-deposited aluminium, with 7 
incorporated Al-W alloy tracer layers, following anodizing at 5 mA cm-2 in 0.4 M (a) 
sulphuric, (b) oxalic and (c) phosphoric acid at 25 °C. 
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(b) 
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Figure 4.5 Transmission electron micrographs of ultramicrotomed cross sections of (a) 
sputtering-deposited aluminium with 7 incorporated Al-W alloy tracer layers, and 
following anodizing at 5 mA cm-2 in 0.4 M (b) sulphuric, (c) oxalic and (d) phosphoric 
acid at 25 °C. 
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Figure 4.5 … continued 
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Figure 4.6 Scanning electron micropraph of a cross-section of sputtering-deposited 
aluminium, with 7 incorporated Al-W alloy tracer layers, following anodizing at 5 mA 
cm-2 in 0.4 M phosphoric acid at 25 °C. 
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Figure 4.7 Experimental (dot) and simulated (red solid line) RBS spectra for 
sputtering-deposited aluminium, with incorporated 7 Al-W alloy tracer layers, prior to 
anodizing in major forming acids. 
 
 
 
Figure 4.8 Experimental (dot) and simulated (red solid line) RBS spectra for 
sputtering-deposited aluminium, with incorporated 7 Al-W alloy tracer layers, following 
anodizing at 5 mA cm-2 in 0.4 M sulphuric acid at 25 °C for 225 s. 
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Figure 4.9 Experimental (dot) and simulated (red solid line) RBS spectra for 
sputtering-deposited aluminium, with incorporated 7 Al-W alloy tracer layers, following 
anodizing at 5 mA cm-2 in 0.4 M oxalic acid at 25 °C for 227 s. 
 
 
 
Figure 4.10 Experimental (dot) and simulated (red solid line) RBS spectra for 
sputtering-deposited aluminium, with incorporated 7 Al-W alloy tracer layers, following 
anodizing at 5 mA cm-2 in 0.4 M phosphoric acid at 25 °C for 228 s. 
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Figure 4.11 NRA spectra for the deposited aluminium substrate and the anodic films 
formed at 5 mA cm-2 in the major forming acids at 25 °C. 
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Chapter 5 
Influence of Current Density on the 
Formation of PAA Films 
5.1 Introduction 
In recent years, experimental investigations on porous anodic alumina films have 
identified anodizing regimes that generate pores with a relatively high degree of 
long-range order. However, the details of the growth mechanism of the films and its 
relation to the ordering of the pores are only partially understood. Observations of the 
behaviour of the tungsten tracer species incorporated into the anodic films from the 
aluminium substrates suggest that the pores grow by field-assisted plasticity of the 
alumina which, combined with growth stresses, enables the flow of the alumina from 
beneath the pore base regions of the barrier layer toward the cell walls. In the present 
chapter, the use of the tracer method is extended to investigate the growth processes 
over a range of current densities for films formed in sulphuric and oxalic acids. The rate 
of film growth is controlled by the ionic current density in the barrier layer according to 
the high-field ionic conduction model, which predicts an exponential dependence of the 
ionic current on the electric field. The electric field is expected to affect the viscosity of 
the film and the stresses within the film, thus possibly influencing the behaviour of the 
tungsten tracer species within the barrier layer. The morphologies of the porous anodic 
films and the distributions of the tungsten tracer species were observed using scanning 
and transmission electron microscopies, and the compositions of the films were 
quantified by Rutherford backscattering spectroscopy and nuclear reaction analysis. It is 
found that the thickness of the anodic film relative to that of oxidized metal increased 
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with increasing current density, which is associated with an increase in the efficiency of 
film formation. Furthermore, current density also has an influence on the morphology of 
the porous anodic films, the distribution of the Al-W tracer layers in the films as well as 
the formation mechanism of the films. 
5.2 Experimental Procedure 
Substrates, of dimensions 4×2×0.02 cm, prepared from 99.99% aluminium foil, were 
electropolished, then rinsed in ethanol and deionized water and dried in a cool air 
stream. A ~120 nm thick barrier anodic film was subsequently formed on the 
electropolished substrates by anodizing to 100 V at 5 mA cm-2 in 0.1 M ammonium 
pentaborate electrolyte at room temperature. The substrates were then sputtering 
deposited with pure aluminium, incorporating multi-layers of Al-W alloy, using an 
Atom Tech sputtering-deposition facility. The sputtering of aluminium proceeded 
continuously while the sputtering of tungsten was operated intermittently to generate 4 
equally spaced layers of Al-W alloy within the deposited aluminium film. Each Al-W 
layer was ~5 nm thick. The substrates were masked with lacquer to define a working 
area of 2.25 cm2. The individual substrates were then anodized for selected times over a 
range of current densities between 0.5 and 50 mA cm-2 in either 0.4 M sulphuric acid or 
0.4 M oxalic acid at 20 °C. After anodizing, the specimens were removed immediately 
from the electrolyte, rinsed in deionized water and dried in a cool air stream. 
The anodized specimens were examined by scanning electron microscopy (SEM) in a 
Philips XL 30 instrument, using a small portion of each specimen, of approximate 
dimensions of 3×5 mm, that was attached to an aluminium specimen stub. The 
instrument was operated at accelerating voltages of 10-20 kV. Cross sections of the 
anodic films were prepared by ultramicrotomy with a diamond knife. These 
electron-transparent sections were examined by transmission electron microscopy (TEM) 
using a JEOL-2000 FX II instrument. The microscope was operated at an accelerating 
voltage of 120 kV. The compositions of the deposited aluminium and the anodic films 
were determined by Rutherford backscattering spectroscopy (RBS) using ion beams 
supplied by the Van de Graaff accelerator of the University of Paris. The compositions 
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of oxygen in the films were measured by nuclear reaction analysis (NRA), employing 
880 keV 2H+ ions, with detection of emitted protons. Comparisons were made with an 
anodized tantalum standard of known oxygen content. RBS and NRA data were 
interpreted using the RUMP program. 
5.3 Results 
5.3.1 Morphologies and Compositions of the Deposited Aluminium 
Substrates 
Three batches of sputtering-deposited aluminium substrates incorporating 4 Al-W alloy 
layers were used in the present study. The thicknesses of the Al-W tracer layers and the 
total thicknesses of the deposited aluminium films were slightly different for the three 
batches of specimens due to sputtering for different times. The first batch of specimens, 
with a reduced thickness of the deposited aluminium, was used for anodizing at low 
current densities, ranging from 0.5-5 mA cm-2 in either sulphuric or oxalic acid. The 
other two batches of specimens, with greater total thickness, were anodized at current 
densities between 15 and 50 mA cm-2 in sulphuric acid and oxalic acid respectively. 
These batches of specimens had similar forms of voltage-time responses during 
anodizing. The differences in the thicknesses of the deposited aluminium and the Al-W 
alloy layers had little influence on the distribution of tungsten in the anodic films and 
the growth process of the anodic films. 
Transmission electron micrographs of ultramicrotomed cross sections of the 
sputtering-deposited aluminium disclose 4 tungsten tracer layers in the 
columnar-grained deposited aluminium (Figs. 5.1a and b). The deposited films were 250 
and 378 ± 5 nm thick respectively, with the tracer layers, being ~4 nm and ~6 nm thick 
each, evenly distributed in the aluminium. The tracer layers were of uniform contrast 
and reasonably flat, though slightly wavy due to the columnar-grained structure and 
fine-scale roughness of the aluminium surface during deposition of the aluminium, 
which is typical for the conditions of sputtering. The ~120 nm thick alumina barrier 
films, formed before sputtering, were evident beneath the deposited aluminium. The 
average thickness of the deposited film for the batch 3 specimens was 470 ± 5 nm. 
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The RBS spectra for the two batches of the sputtering-deposited aluminiums disclose 
yields from aluminium and multi-layers of Al-W alloy, which are indicated by the four 
peaks in the high energy regions (Figs. 5.2a and b). Due to the greater thickness of 
deposited aluminium and high concentration of tungsten in the Al-W layers for the 
second batch of specimens, the counts of tungsten were higher and the energy range of 
tungsten was broader, ranging between 1.30 and 1.55 MeV, than that of the first batch, 
which ranged from 1.48 to 1.61 MeV. The total amounts of aluminium and tungsten in 
the films for the two batches were 1.31 × 1018 and 2.16 × 1016, and 2.88 × 1018 and 
3.42 × 1016 atoms cm-2 respectively. Assuming the atomic density of the Al-W alloy 
layer is close to that of pure aluminium of 6.02 × 1022 atoms cm-3 and based on the 
average amounts of tungsten in each layer from RBS and the thicknesses of the tracer 
layer from transmission electron micrographs, the average atomic percentages of 
tungsten in the tracer layers were around 22.4% and 23.8% for the two batches of 
specimens respectively. 
5.3.2 PAA Films Formed in Sulphuric Acid 
5.3.2.1 Voltage-Time Responses 
The voltage-time responses for anodizing the sputtering-deposited aluminium substrates, 
containing 4 Al-W alloy layers, at current densities ranging from 0.5-50 mA cm-2 in 
sulphuric acid, behave similarly, all revealing an approximately linear, initial voltage 
rise, followed by a transition to a region of relatively steady voltage, and an eventual 
rapid voltage rise when the aluminium above the barrier alumina film was completely 
oxidized (Fig. 5.3). The initially linear voltage rises correspond to the thickening of a 
barrier layer and the initiation of pores in the non-uniform stage of film development. 
The subsequent plateau indicates the establishment of regular porous anodic film 
growth. As the current density increased, the initial slope of voltage rise increased from 
~0.04 to ~19.44 V s-1 and the time for complete oxidation of the aluminium substrate 
reduced consequently from ~1545 s to ~19 s. The plateau voltage increased from ~2.1 to 
~30 V with increase of current density from 0.5 to 50 mA cm-2, but the extent of 
increase of current densities decreased when anodizing at current densities above 15 mA 
cm-2 with the voltage approaching ~30 V (Fig. 5.3e). Superimposed transient increases 
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in voltage in the plateau regions, due to oxidation of the Al-W alloy layers, were 
apparent for anodizing at relatively low current densities. The commencement of the 
oxidation of each nanolayer results in an increase in voltage. The voltage later declined 
as the tungsten species left the barrier region of the film and they became incorporated 
into the porous film region. Such regular oscillations were less evident for anodizing at 
higher current densities above 15 mA cm-2, with higher plateau voltages and shorter 
times for complete oxidation of the deposited film. The amplitudes of the oscillations 
ranged from 0.5-3 V, depending on the current density employed, the thickness of the 
Al-W alloy layers and the concentration of tungsten in the layers. 
Occasionally, unusual surges of voltage occurred in the middle of anodizing process at 
higher current densities (e.g. at 50 mA cm-2 in Fig. 5.3e), in associated with low noise in 
very short time and micro-cracking of film over local film surface, especially at edges 
or sides of specimen area defined by masking lacquer (Fig. 5.4). It is considered to be 
caused by the local Joule heating effects and inadequate dissipation of the heat that 
result in the dielectric breakdown of the film at local regions. The initial slope rates and 
plateau voltages for anodizing at constant current densities in sulphuric acid are 
summarized in Table 5.1. 
5.3.2.2 Plan Views of PAA Films 
Figure 5.5 shows scanning electron micrographs of plan views of the anodic films 
formed at various current densities in sulphuric acid at 20 °C. The micrographs reveal 
features of various facets separated by shallow troughs over all of the film surfaces, 
which are due to the conversion of the faceted surface of the deposited aluminium into 
amorphous anodic oxide. The facet features diminished with increasing current density 
due to formation of more uniform anodic films at higher current densities. Evidently, 
the pore diameter at film surface increased with increase of current density between 0.5 
and 50 mA cm-2, since the steady voltage, which mainly determines the cell dimension 
of the porous anodic film, is proportional to the current density. The pore diameters 
were in the range 8-22 ± 2 nm, corresponding to steady voltages in the range ~2.1-30.0 
V. Further, the pore population density, observed directly from the SEM micrographs 
within the area, decreased with increase of current density. However, the ratio of the 
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pore diameter to the steady voltage reduced first from 3.8 to 0.6 nm V-1 as the current 
density increased from 0.5 to 5 mA cm-2, then the ratio remained relatively constant at 
~0.67 nm V-1 for anodizing at current densities between 15 and 50 mA cm-2 (Table 5.2).  
5.3.2.3 Cross Sections and Expansions of PAA Films 
Ultramicrotomed sections of the porous anodic films, attached to the substrates, formed 
at various current densities in sulphuric acid are compared with that of the initial 
deposited aluminium in the transmission electron micrographs of Figs. 5.6a-h. 
Following anodizing of the aluminium for sufficient times, porous anodic alumina films 
developed and the Al-W alloy layers were incorporated into the films. Figure 5.6b 
shows the general porous appearance of the anodic film formed at a low current density 
of 0.5 mA cm-2, with fine pores, cell walls and a thin barrier layer. The thickness of the 
barrier layer was 4 ± 1 nm, corresponding to a steady voltage of ~2.1 V. The tungsten 
tracers were hardly visible, which suggests considerable loss of tungsten into the 
electrolyte during anodizing. Notably, the original locations of the tracer layers were 
replaced by gaps of ~3-10 nm between adjacent aluminium layers. Further, the 
aluminium was not fully oxidized, with residual aluminium located at the bottom of the 
film (Fig. 5.6a). The thickness of the anodic film was ~270 ± 5 nm, with the presence of 
the gaps between adjacent alumina layers. Excluding the gaps, the total thickness of the 
anodic film was ~248 ± 5 nm, which is ~0.99 of the thickness of the initial deposited 
aluminium.  
Figure 5.6c displays the anodic film formed at 1 mA cm-2, with a thickness of ~260 ± 5 
nm, which is ~1.04 relative to the thickness of the consumed aluminium. The pores in 
the anodic film were of a feathered and branched morphology. The Al-W alloy layers 
appeared discontinuous due to interception by the small pores, which suggests that a 
portion of the tungsten tracers was lost to the electrolyte after anodizing.   
Following anodizing at 2 mA cm-2, the thickness of the anodic film increased to 290 ± 5 
nm, which exceeds that of the initial aluminium by a factor of ~1.16 (Fig. 5.6d). The 
pores appeared relatively straight and less branched, and the pore population density 
was smaller than that formed at 0.5 and 1 mA cm-2. The tungsten tracer layers were of 
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similar waviness to that of the layers in the deposited aluminium, with average 
thicknesses of 8 ± 1 nm, corresponding to an expansion factor of ~2.  
With increase of current density, the film thickness and the straightness of the pores in 
the film increased and branching of the pores reduced. The expansion factor of the 
thickness of the anodic film relative to that of the consumed aluminium increased from 
~1.30, ~1.44 to ~1.49 between current densities of 5, 15 and 30 mA cm-2 (Table 5.3). 
The barrier alumina and the aluminium substrate beneath the film formed at 5 mA cm-2 
were detached during the ultramicrotomy sectioning process, leaving only the film and 
the resin in the transmission electron micrograph of Fig. 5.6e. The small bubble features, 
typically evident in the film formed at 15 mA cm-2, were due to damage to the film 
under exposure to the electron beam for more than 60 seconds (Fig. 5.6g).  
It is found that the expansion factor increased approximately linearly with increase of 
logarithm of current density (Fig. 5.7b). Consequently, the expansion factor is 
proportional to the electric field strength across the barrier layer since the electric field 
strength increases linearly with increasing log i, based on the high-field conduction 
theory:[10] 
i = A1 exp (bE) or, E = A2 log i 
where i is the current density, E is the effective electric field strength across the barrier 
layer and A1, A2, b are material-dependent constants at a given temperature. 
5.3.2.4 Compositions and Anodizing Efficiencies of PAA Films 
Following anodizing of the deposited aluminium, RBS spectra reveal yields from 
aluminium, oxygen, tungsten and sulphur species in the porous anodic alumina films 
(Figs. 5.8a and b). The amounts of aluminium and sulphur in the anodic films increased 
with increase of current density between 0.5 and 30 mA cm-2. The amounts of 
aluminium were 5.36×1017, 6.07×1017, 7.45×1017 and 8.37×1017 atoms cm-2 for films 
formed at 0.5, 1, 2 and 5 mA cm-2 respectively, which were less than that in the initial 
aluminium film, being 1.31×1018 atoms cm-2, due to the loss of aluminium into the 
electrolyte during anodizing. Similarly, the amounts of aluminium were 2.21×1018 and 
2.34×1018 atoms cm-2 for films formed at 15 and 30 mA cm-2 respectively, compared 
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with that of 2.88×1018 atoms cm-2 in the initial deposited aluminium. However, the 
aluminium composition of the porous films could not be determined accurately due to 
the influence of the porosity on the resolution of the film/metal interfaces in addition to 
the presence of small amounts of residual aluminium beneath the barrier layers of the 
alumina films.  
The amounts of sulphur also increased from 1.87×1016 to 6.09×1016 and 1.94×1017 to 
2.04×1017 with increasing current density from 0.5 to 5 mA cm-2 and 15 to 30 mA cm-2, 
respectively. In Fig. 5.8b, the sulphur peaks overlap a little with the minimum energy of 
tungsten due to the relatively thicker films developed during anodizing at 15 and 30 mA 
cm-2. The overlap of sulphur and tungsten spectra has a slight influence on the accuracy 
of determining the amounts of sulphur and tungsten in the films. 
Further, the energy ranges of tungsten and aluminium in the oxide films increased with 
increase of current density due to increased thickness of the films formed at higher 
current densities. The amounts of tungsten in the anodic films were 6.14×1015 and 
1.51×1016 atoms cm-2 for films formed at 0.5 and 1 mA cm-2 respectively, which 
suggests 71.6% and 30.1% loss of tungsten compared to 2.16×1016 atoms cm-2 of 
tungsten in the deposited aluminium. Comparatively, the amounts of tungsten in the 
films were ~2.15 ×1016 and 3.37×1016 atoms cm-2 for anodizing at 2, 5 mA cm-2 and 15, 
30 mA cm-2 respectively. The amounts were similar to that in the initially deposited 
aluminium (within 3% experimental error), indicating negligible loss of tungsten to the 
electrolyte, which is in agreement with previous findings.[17, 155]  
The ratio of the amount of sulphur to that of aluminium increased from 0.035 to 0.088 
with increase of current density between 0.5 and 15 mA cm-2, while the ratio for 
anodizing at 30 mA cm-2, being 0.088, was similar to that for anodizing at 15 mA cm-2, 
which may due to the overlap of sulphur peak with the tungsten peak in the RBS spectra 
(Fig. 5.8b). The S/Al ratio increased nearly linearly with increase of the logarithm of 
current density except for anodizing at 30 mA cm-2 (Fig. 5.9).  
The anodizing efficiency, from the ratio of the charge associated with all the cations in 
the film to the charge required to oxidize the deposited film, increased from 0.340 to 
0.855 with increasing current density between 0.5 and 30 mA cm-2. It should be noted 
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that parameters for fitting the RBS spectra, e.g. the omega angle, stopping power of 
aluminium, the nature of porous morphology etc., may influence the fitting of the 
spectra, and consequently influence the accuracy of determining the efficiency of 
porous film formation. The results of film compositions and anodizing efficiencies from 
the RBS spectra for all of the films formed in the sulphuric acid are summarized in 
Table 5.4. 
The NRA spectra disclosed that the oxygen contents in the films increased from 
7.49×1017 to 3.69×1018 with increasing current density between 0.5 and 30 mA cm-2 (Fig. 
5.10). These correspond to charges ranging from 0.224-0.991 C cm-2, using the mean 
charge numbers of oxygen of between -1.87e and -1.68e at various current densities 
calculated from the film compositions determined by fitting the RBS data (Table 5.5). 
The efficiency of film growth, calculated by dividing the previous charges of oxygen by 
the charge required to anodize the deposited aluminium films, increased from ~0.29 to 
~0.73 in order of increasing current density. Both the anodizing efficiencies determined 
by RBS and NRA analyses, as well as the ratio of the amount of aluminium in the film 
to that of aluminium in the initial deposited aluminium, all increased linearly with 
increase of the logarithm of current density (Fig. 5.11). The values of the efficiencies 
from RBS were relatively larger than the efficiencies from NRA under the same current 
density, which may due to greater errors for fitting the RBS spectra. 
5.3.3 PAA Films Formed in Oxalic Acid 
5.3.3.1 Voltage-Time Responses 
The voltage-time responses for anodizing the deposited aluminium at constant current 
densities, ranging from 0.5-50 mA cm-2, in oxalic acid are shown in Fig. 5.12. Similar to 
anodizing in sulphuric acid, they all reveal an approximately linear, initial voltage rise, 
followed by a transition to a plateau voltage region, and an eventual rapid voltage surge 
when the deposited aluminium above the barrier alumina film was completely oxidized. 
The plateau voltage increased from ~3 to ~78 V and the time to complete oxidation of 
the aluminium substrate reduced with increase of current density between 0.5 and 50 
mA cm-2. It took ~1824 s and ~25 s to consume the aluminium for anodizing at the 
selected minimum and maximum current densities respectively. Oscillations of voltage 
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due to oxidation of the tungsten tracer layers were apparent for all the voltage-time 
responses. The initial slope rates and plateau voltages for anodizing at constant current 
densities in oxalic acid are summarized in Table 5.6. 
5.3.3.2 Morphologies and Expansions of PAA Films 
Figure 5.13 shows scanning electron micrographs of plan views of the surfaces of the 
anodic films formed at various current densities in oxalic acid. The micrographs reveal 
uniformly distributed pores and facet-like features over the low range of current 
densities between 0.5 and 5 mA cm-2, which are similar to films formed in sulphuric 
acid. The pore diameters, generated in the oxalic acid, were in the range 7-31 ± 2 nm, 
corresponding to steady voltages in the range ~3-78 V. The pores were of variable shape, 
namely circular, triangular, and rectangular, as well as irregular types, which are 
influenced by the peaks and troughs in the roughness of the original surface of the 
deposited aluminium. Apart from the major pores that were evident as dark features, 
smaller pores were also distinguished around the major pores, especially for films 
formed at relatively higher current densities. In general, the pore diameter increased and 
the pore population density reduced with increase of current density. Further, the ratio of 
the pore diameter to the steady voltage reduced from ~2.3 to ~0.4 nm V-1 with increase 
of current density from 0.5 to 50 mA cm-2 (Table 5.7). 
Figure 5.14 shows backscattered electron micrographs of the anodic films following 
sputtering using an Ar+ ion plasma to certain depths either close to the third tungsten 
tracer layer or between the third and fourth tungsten layers in the films. The pores and 
cell boundaries in the inner films were easily distinguished, with the pore diameter 
increasing from 21 ± 2 to 39 ± 2 nm and the pore population density reducing with 
increase of current density between 5 and 50 mA cm-2. The pores were approximately 
circular, recognized as dark features, while others appeared as elongated triangles or 
quadrangles. The shape of the cells was generally pentagonal or hexagonal due to the 
uniform distribution and relatively close packing of the cells compared with that at the 
film surfaces. The cell boundaries were revealed as white bands due to the presence of 
the tungsten tracer species at the boundaries. Generally, the pore size within the films is 
~25% larger than that at the surface, since the major pores are inversely funnelled in the 
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early stages of their development.[9] Further, a tungsten ring of relatively light contrast 
is present in the cell wall region of each integral cell. The presence of the tungsten 
tracer between the cell boundary and pore base confirms the transport of tungsten from 
the barrier layer beneath the pore base toward the cell wall regions. Both micrographs in 
Fig. 5.14d and 5.14e were from anodic films formed at 50 mA cm-2 in oxalic acid, but 
the shape of the cells in Fig. 5.14e appeared relatively circular and more tungsten tracers 
were present adjacent to the cell boundaries because more tungsten tracer species 
existed in its plane, which is close to the third Al-W alloy layer, while the plane for Fig. 
5.13d was at a depth between the third and fourth Al-W alloy layer. However, the 
average pore diameters and interpore distances are similar for both micrographs, 
indicating that the presence of tungsten layers has little influence on the cell dimension 
of porous anodic alumina films. The ratios of the pore diameter to the steady voltage 
remained consistently around ~0.5 nm V-1 at current densities ranging between 5 and 50 
mA cm-2 (Table 5.7).  
The transmission electron micrographs in Figs. 5.15a-g disclose the cross sections of 
porous anodic films formed in oxalic acid, with the film thickness increasing with 
increase of current density. Porous alumina films developed continuously until reaching 
the underneath barrier film on the aluminium substrates and all 4 tungsten layers were 
incorporated into the films. Figure 5.15a shows the fine, scattered pores in the anodic 
film formed at a low current density of 0.5 mA cm-2, representing a general 
feathered-like appearance. The tungsten tracer layers were difficult to discern which 
suggests severe loss of tungsten species into the electrolyte during relatively prolonged 
time of anodizing. The locations of the tungsten layers were replaced by gaps of ~3-6 
nm width between adjacent aluminium layers, which is induced mainly by loss of 
tungsten tracer and by evolution of oxygen bubbles at these locations. Similar to 
anodizing in sulphuric acid at the same current density, the deposited aluminium was 
not uniformly oxidized, with residual aluminium present at the bottom of the film (Fig. 
5.15a). The total thickness of the anodic film, including the gaps at the locations of 
original tungsten layers, was ~248 ± 5 nm, with an expansion factor of 0.99 relative to 
that of the initial ~250 nm thick deposited aluminium. 
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Following anodizing at 1 mA cm-2, the surface of the developed film appeared relatively 
uniform and smooth (Fig. 5.15b). The pores were branched, with a pore population 
density less than that for the film formed at 0.5 mA cm-2. The tungsten tracer layers, of 
~8-10 nm thickness, revealed as dark bands, were intercepted by the branched pores. 
The anodic film was ~271 ± 5 nm thick, corresponding to an expansion factor of ~1.08 
relative to the initial deposited aluminium. 
Figure 5.15c displays a porous film formed at 2 mA cm-2, with larger and straighter 
pores than those formed at 0.5 and 1 mA cm-2. The planar barrier film is detached from 
the anodic film due to damage induced by ultramicrotomy sectioning. The thicknesses 
of the anodic films formed at 2 and 5 mA cm-2 exceeded that of the initial aluminium by 
factors of ~1.18 and ~1.30 respectively.  
With further increase of current density between 15 and 50 mA cm-2, the film thickness 
increased from 678 ± 5, 690 ± 5 to 737 ± 5 nm, corresponding to expansion factors of 
~1.44, ~1.47 and ~1.57 relative to the ~470 nm thick initial aluminium (Figs. 5.15e-g). 
The pore diameter and the barrier layer thickness of the film also increased with 
increase of current density. Tungsten tracer layers were severely distorted to a V shape 
at the cell boundaries due to transport of tungsten species from the barrier layer toward 
the cell wall regions. Residual aluminium was also present at the bottom of the films 
between adjacent two scalloped barrier layer regions, showing different contrast from 
the adjacent anodic film in the micrographs. 
The expansion factors for the films formed in oxalic acid were close to that generated in 
sulphuric acid under the same current densities. Similarly, the expansion factor of the 
films has a linear relationship with the logarithm of current density (Fig. 5.16).  
5.3.3.3 Distributions of Tungsten Tracer in PAA Films 
Distributions of the tungsten tracer species near pore base and cell wall regions of the 
films formed in oxalic acid were further observed in cross sections using scanning and 
transmission electron microscopes. However, compared to the larger pores in anodic 
films formed in phosphoric acid, it is more difficult to clearly reveal the distribution of 
the tungsten in the local areas for porous films formed in oxalic acid because the 
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thicknesses of the ultramicrotmed sections (usually ~15-20 nm) were comparable with 
or even greater than the pore diameters, especially for films with relatively smaller 
pores which are formed at low range of current densities (<10 mA cm-2). Thus, films 
were cut in cross sections at 90° and 45° to the film surface and high current densities 
were employed to develop relatively large pores in the films. 
Following anodizing at 5 mA cm-2 in the 0.4 M oxalic acid for 170 s, the third Al-W 
alloy layer was just incorporated into the barrier layer of the film (Fig. 5.17a), 
corresponding to terminating anodizing at the third transient voltage peak in the plateau 
region. Notably, the tungsten tracer species in the third alloy layer was located at a 
depth of ~50% the thickness of barrier layer. For the top two tracer layers, however, the 
distribution of tungsten around the pore walls was hardly discernable.  
A further ultramicrotomed section of the same specimen, obtained by sectioning at an 
angle of ~45° to the specimen surface, discloses more pores per unit area (Figs. 5.17b 
and c). The angled sectioning resulted in thicker anodic film and underlying barrier film, 
and the pores were elongated in the vertical direction. These micrographs also reveal 
that the third Al-W layer incorporated at the pore base regions was located at ~40-50% 
thickness of the barrier layer, which suggests the film flow at the pore base regions due 
to strong compressive stress and electrostriction. Further, the distribution of the tungsten 
in the top two alloy layers was similar to that in the third layer at the barrier layer 
regions, where the tungsten tracers did not reach the pore walls, but bended toward the 
film/metal interface (Fig. 5.17c). In contrast, the detail of the distribution of tungsten in 
the top two layers was less evident in the TEM micrographs of the transverse film 
sections. One reason is that the thickness of the film sections, ~15-20 nm, is comparable 
with the small pore size, ~17 nm, which obstructs the true distribution of tungsten 
around the pores. Secondly, the cross-section of the films may not pass precisely 
through the pore axis but tilt in a slight angle to the vertical direction. The two possible 
reasons explain that the integral pores were not easily revealed and the Al-W alloys 
layers appeared continuous and were not intercepted by the pores in the transmission 
electron micrographs.  
Following anodizing at the high range of current densities (15-50 mA cm-2), the pore 
size increased and the distribution of tungsten in the films was better revealed (Fig. 
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5.18). Immediately beneath the pore base regions, the alloy layers were scalloped into U 
shapes as the outward transport of tungsten was halted in the middle of the barrier layers. 
The tungsten tracer near the cell boundaries lagged slightly that in the middle regions of 
the cell walls, resulting in a V-shape. The cell walls appeared as thin white bands, which 
are considered to be enriched with tungsten species (Fig. 5.18c).[156] The tungsten tracer 
in the middle region of the cell walls trailed significantly downward, suggesting that the 
barrier layer and cell walls can be separated into two regions, namely an outer region 
that is free of tungsten and an inner region that contains tungsten tracers. Further, the 
outer region accounts for ~40-50% of the thickness of the barrier layer and cell wall of 
all the films formed over a range of current densities between 5 and 50 mA cm-2 in 
oxalic acid. 
5.3.3.4 Compositions and Anodizing Efficiencies of PAA Films 
RBS spectra reveal features generally similar to those determined for anodizing in 
sulphuric acid (Fig. 5.19). The amounts of tungsten were 6.27×1015, 1.65×1016 and 
2.08×1016 atoms cm-2 for films formed at 0.5, 1 and 2 mA cm-2 respectively, which were 
29.0, 76.4 and 96.3% of that for aluminium substrate prior to anodizing, indicating loss 
of tungsten species for anodizing at a low range of current densities between 0.5 and 2 
mA cm-2. For the films formed between 5 and 50 mA cm-2, the amounts of tungsten 
remained almost the same as that in the initial deposited aluminium, suggesting the 
retention of tungsten in the anodic films after anodizing (Table 5.9).  
Comparison of the RBS spectra in Fig. 5.19 also indicates that the thickness of the 
anodic film increased with increase of current density from 0.5 to 50 mA cm-2, although 
the two spectra for films formed at 15 and 30 mA cm-2 are very close, which may due to 
the nature of slight roughness of the films and coincidently similar thicknesses in 
detected areas for both films. The ratio of the amount of aluminium in the anodic film to 
that in the initial deposited aluminium, Al/Al0, increased from ~0.44 to ~0.72 with 
increase of current density between 0.5 and 50 mA cm-2, indicating less loss of 
aluminum to the electrolyte during anodizing at higher current densities. The anodizing 
efficiency, from the ratios of the charges associated with all the cations (Al3+ and W6+) 
in the films to the charges required to oxidize the deposited films, increased from 
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~0.340 to ~0.819 with increasing current density between 0.5 and 50 mA cm-2. The 
range of the anodizing efficiencies was close to that of Al/Al0 ratios, since the calculated 
efficiency from RBS spectra is more dependent upon the amount of aluminium than that 
of tungsten in the anodic film after anodizing. The results from the RBS spectra for all 
of the films formed in oxalic acid are summarized in Table 5.9. 
NRA spectra disclose that oxygen contents in the films increased from 7.63×1017 to 
3.56×1018 with increasing current density between 0.5 and 50 mA cm-2 (Fig. 5.19). 
These correspond to charges ranging from ~0.234 to ~1.095 C cm-2, using the mean 
charge number of oxygen of -1.92 based on Garcia-Vergara et al.’s calculation for 
anodic films formed under similar anodizing conditions in oxalic acid.[138] The 
efficiency of the film growth, calculated by dividing the previous charges by the charge 
required to anodize the aluminium and tungsten of the deposited films, increased from 
~0.26 to ~0.88 in order of increasing current density (Table 5.10). The relationships 
between current density and the Al/Al0 ratio, anodizing efficiency calculated from RBS 
and NRA spectra are given in Fig. 5.21. Although the values of efficiencies for the same 
current density differ within 0.06, the efficiencies from RBS and NRA and the Al/Al0 
ratio increase with increase of current density in a similar manner. Figure 5.22 shows 
that the anodizing efficiencies determined by BRS and NRA increase almost linearly 
with increasing logarithm of current density, which is consistent with previous findings 
for anodizing in sulphuric acid in this chapter.  
5.4 Discussion 
The findings of this study reveal that the expansion factor of the thickness of the anodic 
film to that of the initial deposited aluminium increased with increase of current density 
over the selected range for anodizing in both sulphuric and oxalic acids. Further, the 
efficiency of film growth has a similar relationship with current density employed for 
anodizing in both acids. The efficiency from the NRA analysis increased from ~0.29 at 
0.5 mA cm-2 to ~0.73 at 30 mA cm-2 for anodizing in sulphuric acid, while it increased 
from ~0.26 to ~0.88 with increase of current density between 0.5 and 50 mA cm-2 for 
anodizing in oxalic acid. The efficiencies were averages that cover the initial film 
growth of a barrier film, the initiation of pores and the establishment of the major pores. 
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The differences between efficiencies from the RBS analysis and the NRA analysis were 
~0.03-0.12 for sulphuric acid anodizing and ~0.01-0.06 for oxalic acid anodizing 
respectively, which may due to experimental errors induced from measurement of the 
specimen area, determination of the time to complete oxidization of the deposited 
aluminium and the parameters for fitting the RBS spectra, such as stopping power of 
aluminium, omega angle etc. Nevertheless, both efficiencies from RBS and NRA 
analysis are in general agreement. Further, the film expansion factor and the anodizing 
efficiency increase approximately linearly with the logarithm of current density, over a 
wide range of current density between 0.5 and 50 mA cm-2. 
The low efficiencies at low current densities are associated with higher charges passed 
for complete oxidization of the deposited aluminium, with the charge passed increasing 
from ~0.66 to ~0.77 C cm-2 and from ~0.67 to ~0.91 C cm-2 with reduce of current 
density from 5, 2, 1 to 0.5 mA cm-2 for anodizing in sulphuric and oxalic acids 
respectively. The increased charge passed at the low range of current densities for 
oxidizing the deposited aluminium of the same thickness is not well defined but is 
speculated mainly due to the evolution of oxygen bubbles and their dissolution into the 
electrolyte in the process of incorporation of the tungsten tracers in the barrier layer at 
relatively low current densities. Since the formation of oxygen bubbles requires ionic 
current, the total charge passed is more than that expected for oxidizing the initial 
deposited aluminium alone. Further, the evolution of oxygen is preferred to the 
oxidation of the tungsten in the Al-W alloy layers at lower current densities. 
Consequently, the loss of tungsten is more severe and the charge passed is higher for 
anodizing at lower current densities. Other factors, e.g. inappropriate determination of 
the time to complete oxidizing the deposited aluminium due to the slow voltage rising at 
the termination of anodizing at low current densities and penetration of the electrolyte 
solution beneath the masking lacquer during relatively prolonged time of anodizing, 
may also result in increased total charge passed to develop the anodic films. 
Increase of anodizing efficiency at high current densities is associated with less ejection 
of Al3+ ions from the film. The ratio of the amount of aluminium in the anodic film 
relative to that in the deposited aluminium, Al/Al0, increased from ~0.41 to ~0.81 with 
increase of current density between 0.5 and 30 mA cm-2 for sulphuric acid. The 
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significant loss of aluminium in the anodic films at relatively low current densities 
being due to chemical dissolution of the film is discounted, since chemical dissolution is 
negligible for the periods of anodizing employed in the present experiments. The 
reduced ejection of Al3+ ions possibly arises from a dependence of the relative values of 
the transport numbers of Al3+ and O2- ions on the electric field, with a greater proportion 
of the current being carried by O2- ions at higher rates of film growth. The general trend 
of rising Al/Al0 ratio with current density is similar to the increase of efficiencies from 
RBS and NRA analyses in order of increasing current density, although the values of the 
Al/Al0 ratio were relatively higher than that of the efficiencies determined by RBS and 
NRA under the low range of current densities between 0.5 and 2 mA cm-2 and they were 
between the values of the efficiencies from RBS and NRA for anodizing at current 
densities ≤? 5 mA cm-2. Further, the formation ratio of the pore diameter to the final 
steady voltage for anodic films formed in sulphuric acid, reduced from ~3.8, ~1.6 to 
~0.9 nm V-1 with increasing current density between 0.5, 1, and 2 mA cm-2, and then it 
remained approximately constant at ~0.67 nm V-1 at current densities≤? 5 mA cm-2. 
Similarly, the pore formation ratios were ~2.3, ~1.2 and ~0.6 nm V-1 for anodizing in 
oxalic acid at low range current densities of 0.5, 1, and 2 mA cm-2 and remained 
constant at ~0.5 nm V-1 at current densities ≤? 5 mA cm-2. The relatively higher pore 
formation ratios at low range of current densities are associated with severe 
field-assisted dissolution of the films and less flow of film material during anodizing for 
prolonged time, which is confirmed by the values of the Al/Al0 ratio. The pore 
formations ratios for the films formed current densities ≤? 5 mA cm-2 in both acids are 
less than the typical value of ~1.2-1.3 nm V-1 for the steady-state porous alumina films 
formed at 5 mA cm-2 in phosphoric acid.[9] The considerable smaller ratios are due to 
that the films were formed on thin sputtered aluminium in short period of time. Thus, 
the developed pores were not in a completely steady state. Additionally, the pores were 
only measured at film surfaces, where the pores were actually smaller than that near the 
pore base regions. 
The ratios of the amount of tungsten in the anodic film relative to that in the initial 
aluminium were 28.4% and 69.9% for films formed at 0.5 and 1 mA cm-2 in the 
sulphuric acid (Table 5.4). Similarly, the ratios were 29.0% and 76.4% for films formed 
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at 0.5 and 1 mA cm-2 in the oxalic acid (Table 5.9). It indicates that apart from loss of 
aluminium, significant loss of tungsten also occurred at low range of current densities 
(<2 mA cm-2), which was further confirmed by observations of the film cross sections in 
transmission electron micrographs, in which the Al-W alloy layers were replaced by 
gaps between adjacent aluminium layers (Fig. 5.6b and 5.15a) or apparently adjacent to 
the pore walls and intercepted by the branched pores (Fig. 5.6c and 5.15b). The 
significant loss of tungsten tracers may due to the relatively weak stresses in the barrier 
layer under the low range of current densities and that the thin thicknesses of the barrier 
layers, which were comparable to that of the Al-W tracer layers, were not sufficiently 
thick to prevent the W6+ ions from dissolving to the electrolyte under the electric field. 
The losses of tungsten and aluminium, and subsequently the low efficiencies of film 
formation at low range of current densities, suggest that for anodizing aluminium under 
this condition, porous anodic films develop by a conventional accepted mode of 
field-assisted dissolution rather than the recently proposed flow mechanism. In contrast, 
the losses of tungsten in the anodic films formed at current densities ≤? 2 mA cm-2 were 
negligible compared with the amount of tungsten in the initial deposited aluminium, 
which were within 5% experimental error. Further, observations of the cross sections 
and taper sections of the anodic films formed in oxalic acid at current densities between 
5 and 50 mA cm-2 revealed that the tungsten tracer was distributed in an inner barrier 
layer and cell wall regions, with a tungsten-free region present in the outer cell region 
(Figs. 5.17 and 5.18). The distributions and retention of tungsten in the films formed in 
oxalic acid are consistent with previous observations of tungsten tracers, which suggest 
that the porous anodic films develop due to flow of film material within the barrier 
layer.[17-19, 138] The W6+ ions are incorporated into the films when the barrier layer 
immediately beneath the pores intercepts each Al-W alloy layer. The W6+ ions migrate 
outward in the barrier layer at a relatively slow rate, ~30% of the rate of Al3+ ions based 
on studies of planar barrier anodic films.[69, 157] In addition to the migration, the flow of 
the film transports the tungsten from beneath the pore base regions toward the cell walls. 
Consequently, tungsten is unable to reach the outer part of the barrier layer. In contrast, 
faster migrating Al3+ ions migrate to the pore base and are ejected to the electrolyte. The 
flow of the film is due to the combination of field-assisted plasticity of the film material 
in the high-electric-field barrier region and stresses due to film growth, including the 
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volume changes associated with the formation of fresh film material and 
electrostriction.[16-18] 
The existence of a uniform tungsten-free cell layer after anodizing at the high range of 
current densities (≤? 5 mA cm-2) suggests a significant influence of the flow on the 
transport of the W6+ ions. Further, the proportion of the ionic current that leads to the 
formation of alumina is increased with increase of current density, which is evident 
from the increasing efficiencies of film formation that were revealed by RBS and NRA 
analyses. The increasing efficiency also correlates with an increased thickness of the 
anodic film, which is evident from the transmission electron micrographs in Figs. 5.6 
and 5.15, with the film expansion factor depending upon current density[158] and 
increasing from ~1.0 to ~1.6 with increase of current density between 0.5 and 50 mA 
cm-2 for films formed both in sulphuric and oxalic acids. The possibility of the reduced 
thickness of the film at relatively low current densities being due to chemical 
dissolution of the film is discounted, since the chemical dissolution rates in the absence 
of the electric field are up to 0.1 nm min-1,[9] which is negligible for the periods of 
anodizing employed in the present experiments (most less than 30 min). In addition, the 
correspondence between the anodizing efficiency and the thickness of the anodic film 
indicates that the increasing thickness of the film with increase in current density is not 
due to a significant increase of porosity. Previous work also suggests that the 
contribution of flow to the formation of pores in anodic alumina is related to the 
incorporation of anion species into the film from the electrolyte.[17, 19, 138, 139] Films 
formed on aluminium in sulphuric and oxalic acids contain sulphur species and oxalate 
ions in a cell layer adjacent to the pore wall that extends to depths of ~0.95 and ~0.91 of 
the thickness of barrier layer and cell wall respectively.[105] Observations of the anodic 
films formed in sulphuric, oxalic and phosphoric acids suggest that pore morphologies 
may reflect the influences of anion species on the electric field, film plasticity, and the 
consequent growth behaviour. Comparatively, porous films formed in borax and 
chromic acid electrolytes that are free of incorporated electrolyte species have a less 
regular film morphology.[140, 159] The concentrations of the anion species and their 
distribution within the cell may be further factors affected by the electric field. In 
addition, observations of anodic films formed in oxalic and phosphoric acids reveal that 
the tungsten tracers initially migrate toward the pore base regions but can only reach a 
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depth of ~40-50% of the barrier layer thickness,[17, 18, 138, 160] which suggests a 
possibility of an interaction between the outward migrating W6+ ions and the inward 
migrating oxalate ions or phosphorus species. It is speculated that the outward migration 
of tungsten is halted at the middle of the barrier layer due to an influence of the 
inwardly migrating anion species. The interaction between the tungsten tracer species 
and phosphorus species in the anodic films and the consequence to the transport of the 
tracer were investigated later in Chapter 7. 
5.5 Conclusions 
1. The efficiency of PAA film growth in sulphuric and oxalic acids is dependent 
upon the current density, with the efficiency at 20 °C increasing from ~0.29 to 
~0.73 between current densities of 0.5 and 30 mA cm-2 for anodizing in sulphuric 
acid and from ~0.26 to ~0.88 between current densities of 0.5 and 50 mA cm-2 for 
anodizing in oxalic acid. 
2. The increase in efficiency with increase of current density leads to formation of 
comparatively thicker films at higher current densities. The expansion factor of 
the anodic film increased from ~1.0 to ~1.6 with increasing current density 
between 0.5 and 50 mA cm-2 for films formed both in sulphuric and oxalic acids 
at 20 °C. 
3. The current density has a significant influence on the growth process of porous 
anodic films on aluminium. Porous films formed at a low range of current 
densities (<2 mA cm-2) are proposed to develop by a field-assisted dissolution 
mode, with significant losses of aluminium and tungsten, and reduced expansion 
factors less than ~1.2; films formed at current densities ≤?2 mA cm-2 grow by a 
flow mechanism, with the flow of film material transporting the tungsten tracers 
from the barrier layer regions to the cell walls. Such flow retains the tungsten in 
the films and results in relatively thicker films. 
4. For porous films grown by the flow mechanism at the relatively high range of 
current densities (≤?5 mA cm-2), tungsten tracers remain mainly within the inner 
cell region of the porous films, at depths of ~40-50% of the thickness of the 
barrier layer and cell wall, with the tungsten-free region being present next to the 
pore base or the pore wall. 
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Table 5.1 Initial voltage slopes and steady voltages for anodizing the 
sputtering-deposited aluminium, with 4 incorporated Al-W alloy tracer layers, at 
various current densities in 0.4 M sulphuric acid at 20 °C. 
Current 
density 
(mA cm-2) 
Anodizing 
time 
(s) 
Initial 
voltage slope 
(V s-1) 
Steady 
voltage 
(V) 
0.5 1545 0.04 2.1 
1 696 0.11 5.6 
2 347 0.31 11 
5 132 1.19 20 
15 75 4.57 28 
30 35 10.75 30 
50 19 19.44 30 
 
Table 5.2 Pore diameters and pore formation ratios for the PAA films formed at various 
current densities in 0.4 M sulphuric acid at 20 °C. 
Current 
density 
(mA cm-2) 
Steady 
voltage 
(V) 
Pore 
diameter 
(nm) 
Pore 
formation 
ratio 
(nm V-1) 
0.5 2.1 8 3.8 
1 5.6 9 1.6 
2 11 10 0.9 
5 20 12 0.6 
15 28 18 0.64 
30 30 20 0.67 
50 30 20 0.67 
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Table 5.3 Thicknesses and expansion factors of the PAA films formed at various 
current densities in 0.4 M sulphuric acid at 20 °C. 
Specimen 
Current 
density 
(mA cm-2) 
Film thickness 
(nm) 
Film 
Expansion 
factor 
Deposited Al-1 / 250 / 
S1 0.5 248 0.99 
S2 1 260 1.04 
S3 2 290 1.16 
S4 5 326 1.30 
Deposited Al-2 / 390 / 
S5 15 563 1.44 
S6 30 581 1.49 
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Table 5.4 RBS analysis results for the PAA films formed at various current densities in 0.4 M sulphuric acid at 20 °C. 
Specimen 
Current 
density 
(mA cm-2) 
Anodizing 
time 
(s) 
Amount of Al 
(atoms cm-2) 
Amount of W 
(atoms cm-2) 
Amount of S 
(atoms cm-2) 
S/Al 
ratio 
W/W0 
ratio 
Al/Al0 
ratio 
Anodizing 
efficiency from 
cations 
Deposited 
Al-1 
/ / 1.31×1018 2.16×1016 / / / / / 
S1 0.5 1545 5.36×1017 6.14×1015 1.87×1016 0.035 0.284 0.409 0.340 
S2 1 696 6.07×1017 1.51×1016 2.81×1016 0.046 0.699 0.463 0.440 
S3 2 347 7.45×1017 2.11×1016 4.49×1016 0.060 0.977 0.569 0.545 
S4 5 132 8.37×1017 2.20×1016 6.09×1016 0.073 1.02 0.639 0.641 
Deposited 
Al-2 
/ / 2.88×1018 3.42×1016 / / / / / 
S5 15 90 2.21×1018 3.38×1016 1.94×1017 0.088 0.988 0.767 0.810 
S6 30 45 2.34×1018 3.36×1016 2.04×1017 0.087 0.982 0.813 0.855 
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Table 5.5 NRA analysis results for the PAA films formed at various current densities in 
0.4 M sulphuric acid at 20 °C. 
Specimen 
Current 
density 
(mA cm-2) 
Amount of 
Oxygen 
(atoms cm-2) 
Mean charge 
number of 
oxygen 
(e) 
Oxygen 
charge 
(C cm-2) 
Charge 
passed 
(C cm-2) 
Anodizing 
efficiency 
from O2- 
ions 
S1 0.5 7.49×1017 1.87 0.224 0.773 0.290 
S2 1 9.72×1017 1.83 0.284 0.696 0.409 
S3 2 1.21×1018 1.78 0.344 0.694 0.495 
S4 5 1.35×1018 1.75 0.378 0.66 0.573 
S5 15 3.41×1018 1.70 0.926 1.35 0.686 
S6 30 3.69×1018 1.68 0.991 1.35 0.734 
 
Table 5.6 Initial voltage slopes and steady voltages for anodizing the 
sputtering-deposited aluminium, with 4 incorporated Al-W alloy tracer layers, at 
various current densities in 0.4 M oxalic acid at 20 °C. 
Current 
density 
(mA cm-2) 
Anodizing 
time 
(s) 
Initial 
voltage slope 
(V s-1) 
Steady 
voltage 
(V) 
0.5 1824 0.05 3 
1 793 0.12 7.5 
2 365 0.30 19 
5 134 1.04 40 
15 88 4.38 61 
30 44 10.53 71 
50 25 18.79 78 
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Table 5.7 Pore diameters and pore formation ratios for the PAA films formed at various 
current densities in 0.4 M oxalic acid at 20 °C. 
Current 
density 
(mA cm-2) 
Steady 
voltage 
(V) 
Surface pore 
diameter 
(nm) 
Inner pore 
diameter 
 (nm) 
Pore formation ratio 
(nm V-1) 
Surface    Inner 
0.5 3 7  2.3  
1 7.5 9  1.2  
2 19 11  0.58  
5 40 17 21 0.43 0.53 
15 61  29  0.48 
30 71  36  0.51 
50 78 31 39 0.40 0.5 
 
 
Table 5.8 Thicknesses and expansion factors of the PAA films formed at various 
current densities in 0.4 M oxalic acid at 20 °C. 
Specimen 
Current 
density 
(mA cm-2) 
Film thickness 
(nm) 
Film 
Expansion 
factor 
Deposited Al-1 / 250 / 
O1 0.5 248 0.99 
O2 1 271 1.08 
O3 2 296 1.18 
O4 5 325 1.30 
Deposited Al-3 / 470 / 
O5 15 678 1.44 
O6 30 690 1.47 
O7 50 737 1.57 
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Table 5.9 RBS analysis results for the PAA films formed at various current densities in 
0.4 M oxalic acid at 20 °C. 
Specimen 
Current 
density 
(mA cm-2) 
Anodizing 
time 
(s) 
Amount of 
Al 
(atoms 
cm-2) 
Amount of 
W 
(atoms 
cm-2) 
W/W0 
ratio 
Al/Al0 
ratio 
Anodizing 
efficiency 
from 
cations 
Deposited 
Al-1 
/ / 1.31×1018 2.16×1016 / / / 
O1 0.5 1824 5.73×1017 6.27×1015 0.290 0.437 0.308 
O2 1 793 7.07×1017 1.65×1016 0.764 0.540 0.448 
O3 2 365 7.93×1017 2.08×1016 0.963 0.605 0.549 
O4 5 134 9.01×1017 2.22×1016 1.028 0.688 0.677 
Deposited 
Al-2 
/ / 2.88×1018 3.42×1016  / / 
O5 15 90 1.99×1018 3.42×1016 1.000 0.691 0.732 
O6 30 45 1.97×1018 3.32×1016 0.971 0.684 0.723 
O7 50 25 2.07×1018 3.41×1016 0.997 0.719 0.819 
 
 
Table 5.10 NRA analysis results for the PAA films formed at various current densities 
in 0.4 M oxalic acid at 20 °C. 
Specimen 
Current 
density 
(mA cm-2) 
Amount of 
Oxygen 
(atoms cm-2) 
Oxygen charge 
(C cm-2) 
Charge passed 
(C cm-2) 
Anodizing 
efficiency 
from O2- 
ions 
O1 0.5 7.63×1017 0.234 0.912 0.257 
O2 1 1.01×1018 0.310 0.793 0.391 
O3 2 1.19×1018 0.367 0.73 0.502 
O4 5 1.36×1018 0.417 0.67 0.622 
O5 15 3.26×1018 1.002 1.35 0.742 
O6 30 3.32×1018 1.019 1.35 0.755 
O7 50 3.56×1018 1.095 1.25 0.876 
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Figure 5.1 Transmission electron micrographs of ultramicrotomed cross-sections of 
sputtering deposited aluminium with 4 incorporated Al-W alloy tracer layers, used for 
anodizing at current densities in the range (a) 0.5-2 and (b) 5-50 mA cm-2 at 20 °C. 
100 nm 
(a) 
(b) 
100 nm 
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Figure 5.2 Experimental (dot) and simulated (red solid line) RBS spectra for 
sputtering-deposited aluminium, with 4 incorporated Al-W alloy tracer layers, prior to 
anodizing in the major forming acids: (a) the thinner deposited film, used for anodizing at 
current densities in the range 0.5 to 5 mA cm-2; (b) the thicker deposited film, used for 
anodizing at current densities in the range 15-50 mA cm-2. 
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Figure 5.3 Voltage-time responses for sputtering-deposited aluminium, with 4 
incorporated Al-W alloy tracer layers, following anodizing at (a) 0.5, (b) 1, (c) 2, (d) 5, (e) 
15, 30 and 50 mA cm-2 in 0.4 M sulphuric acid at 20 °C. 
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Figure 5.3 … continued 
 
 
 
 
Figure 5.4 Optical micrograph showing microcraks at the surface of sputtering deposited 
aluminium, with 4 incorporated Al-W alloy tracer layers, following anodizing at 15 mA 
cm-2 in 0.4 M sulphuric acid at 20 °C. 
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Figure 5.5 Scanning electron micrographs of sputtering-deposited aluminium, with 4 
incorporated Al-W alloy tracer layers, following anodizing at (a) 0.5, (b) 1, (c) 2, (d) 5, (e) 
15, (f) 30 and (g) 50 mA cm-2 in 0.4 M sulphuric acid at 20 °C. 
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Figure 5.6 Transmission electron micrographs of ultramicrotomed cross-sections of sputtering-deposited aluminium, containing 4 Al-W alloy 
tracer layers, before anodizing (a and f) and following anodizing at (b) 0.5, (c) 1, (d) 2, (e) 5, (g) 15 and (h) 30 mA cm-2 in 0.4 M sulphuric acid 
at 20 °C. 
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Figure 5.6 … continued 
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Figure 5.7 The relationship between the expansion factor of the thickness of the anodic 
film relative to that of the initial deposited aluminium and (a) current density, (b) the 
logarithm of current density. 
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Figure 5.8 RBS spectra for sputtering-deposited aluminium, with 4 incorporated Al-W 
alloy tracer layers, following anodizing at (a) 0.5, 1, 2 and 5 mA cm-2 and (b) 15 and 30 
mA cm-2 in 0.4 M sulphuric acid at 20 °C. 
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Figure 5.9 The relationship between S/Al ratio for the PAA films formed in 0.4 M 
sulphuric acid at 20 °C and the logarithm of current density. 
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Figure 5.10 NRA spectra for the deposited saluminium substrates and the PAA films 
formed at (a) 0.5-5 mA cm-2 and (b) 15 and 30 mA cm-2 in 0.4 M sulphuric acid at 20 °C. 
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Figure 5.11 The relationship between anodizing efficiencies from RBS and NRA data, 
the Al/Al0 ratio and (a) current density and (b) the logarithm of current density for the 
PAA films formed in 0.4 M sulphuric acid at 20 °C. 
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Figure 5.12 Voltage-time responses for sputtering-deposited aluminium, with 4 
incorporated Al-W alloy tracer layers, following anodizing at (a) 0.5, (b) 1, (c) 2, (d) 5 
and (e) 15, 30 and 50 mA cm-2 in 0.4 M oxalic acid at 20 °C. 
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Figure 5.12 … continued 
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Figure 5.13 Scanning electron micrographs of sputtering deposited aluminium, with 4 
incorporated Al-W alloy tracer layers, following anodizing at (a) 0.5, (b) 1, (c) 2, (d) 5, (e) 
50 mA cm-2 in 0.4 M oxalic acid at 20 °C. 
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Figure 5.14 Scanning electron micrographs (backscattered electrons) of sputtering 
deposited aluminium, with 4 incorporated Al-W alloy tracer layers, anodized at (a) 5, (b) 
15, (c) 30, (d) and (e) 50 mA cm-2 in 0.4 M oxalic acid at 20 °C, then followed by 
sputtering in an Ar+ ion plasma to a depth between the third and fourth Al-W alloy tracer 
layers in the porous films. For (e), sputtering in the Ar+ ion plasma removed the film to a 
depth close to the third tracer layer. 
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Figure 5.15 Transmission electron micrographs of sputtering deposited aluminium, with 4 incorporated Al-W alloy tracer layers, following 
anodizing at (a) 0.5, (b) 1, (c) 2, (d) 5, (e) 15, (f) 30 and (g) 50 mA cm-2 in 0.4 M oxalic acid at 20 °C. 
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Figure 5.15 … continued 
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Figure 5.16 The relationship between the expansion factor of the thickness of the anodic 
film relative to that of the initial deposited aluminium and the logarithm of current 
density. 
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Figure 5.17 Transmission electron micrographs of ultramicrotomed cross-sections of 
sputtering-deposited aluminium, with 4 incorporated Al-W alloy tracer layers, following 
anodizing at 5 mA cm-2 in 0.4 M oxalic acid at 20 °C for 170 s: (a) transverse cross section 
and (b, c) taper sections of ~45º tilting to the film surface. 
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Figure 5.18 Transmission electron micrographs of ultramicrotomed cross-sections of 
sputtering-deposited aluminium, with incorporated Al-W alloy tracer layers, following 
anodizing at (a) 15, (b) 30 mA cm-2. (c) Scanning electron micrograph (backscattered 
electrons) of an ultramicrotomed section of a film formed at 50 mA cm-2 in 0.4 M oxalic 
acid at 20 °C. 
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Figure 5.19 RBS spectra for sputtering-deposited aluminium, with 4 incorporated Al-W 
alloy tracer layers, following anodizing at (a) 0.5, 1, 2, 5 and (b) 15, 30 and 50 mA cm-2 in 
0.4 M oxalic acid at 20 °C. 
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Figure 5.20 NRA spectra for the sputtering-deposited aluminium substrates and the PAA 
films formed at current densities between 0.5 and 5 mA cm-2 in 0.4 M oxalic acid at 20 °C. 
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Figure 5.21 The relationship between current density and anodizing efficiencies obtained 
from RBS and NRA analyses, the Al/Al0 ratio for the PAA films formed in 0.4 M oxalic 
acid at 20 °C. 
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Figure 5.22 The relationship between anodizing efficiencies obtained from RBS and 
NRA analyses and the logarithm of current density for the PAA films formed in 0.4 M 
oxalic acid at 20 °C. 
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Chapter 6 
Influence of Electrolyte Temperature on the 
Formation of PAA Films 
6.1 Introduction 
It has been reported that together with the mechanical properties, such as microhardness 
and wear resistance, the process of oxide formation and the morphology of the porous 
anodic films on aluminium are also influenced by variation of electrolyte temperature. 
With increasing electrolyte temperature, the reactivity of the electrolyte toward the 
anode oxide film increases accordingly; hence, the chemical dissolution of the porous 
anodic film is enhanced.[161, 162] The enhanced chemical dissolution of the anodic oxide 
by the electrolyte at elevated temperatures leads to conically-shaped pores with an 
increasing pore diameter toward the surface of the anodic film and, consequently, 
increased porosity of the anodic film.[9, 163, 164] In this Chapter, the influence of 
electrolyte temperature on the morphology and formation of PAA films formed in oxalic 
acid solution has been evaluated over a range of temperatures. The films are formed on 
sputtering-deposited aluminium substrates containing multi-layers of Al-W alloy that 
provide W6+ tracer species in the films. Anodizing was performed under conditions of 
controlled electrolyte temperature in a double-walled cell connected to a recirculating 
chiller. The morphologies of the porous anodic films were observed by scanning and 
transmission electron microscopies, and the compositions of the films and the anodizing 
efficiencies were quantified by Rutherford backscattering spectroscopy and nuclear 
reaction analysis. The electrolyte temperature has an influence on the growth process of 
the porous anodic films. However, the chemical dissolution of the films over the 
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selected electrolyte temperatures for short periods of time is not significant. The ratio of 
the thickness of the anodic film to that of the initial deposited aluminium increases with 
reducing electrolyte temperature, which is associated with an increase in the efficiency 
of film formation. 
6.2 Experimental Procedure
 
Aluminium substrates were electropolished, then rinsed in ethanol and deionized water 
and dried in a cool air stream. Subsequently, the individual substrates were anodized to 
100 V at 5 mA cm-2 in 0.1 M ammonium pentaborate electrolyte at room temperature to 
grow a ~120 nm thick barrier alumina film. Pure aluminium, incorporating multi-layers 
of Al-W alloy, was then sputtering-deposited on the substrates using an Atom Tech 
sputtering-deposition facility. The sputtering of aluminium proceeded continuously to 
deposit a ~250 nm thick film; sputtering of tungsten was operated intermittently to 
generate 4 equally spaced layers of Al-W alloy within the aluminium film. Each Al-W 
layer was ~5 nm thick, with a separation of ~46 nm. The substrates were masked with 
lacquer to define a working area of 2.25 cm2. They were then anodized for selected 
times at 15 mA cm-2 in 0.4 M oxalic acid, using a FL601 recirculating chiller to control 
the temperature of the electrolyte which ranged from 1 to 40 °C. After anodizing, the 
specimens were rinsed in deionized water and dried in a cool air stream. 
The anodized specimens were examined by scanning electron microscopy (SEM) in a 
Philips XL 30 instrument using a small portion of approximate dimensions 3×5 mm, 
that was attached to an aluminium specimen stub. The instrument was operated at 
accelerating voltages of 10-20 kV. Cross sections of the anodic films with incorporated 
tungsten tracer layers were prepared by ultramicrotomy with a diamond knife. These 
electron-transparent sections were examined by transmission electron microscopy (TEM) 
using a JEOL-2000 FX II instrument. The microscope was operated at an accelerating 
voltage of 120 kV. The compositions of deposited aluminium and anodic films were 
determined by Rutherford backscattering spectroscopy (RBS) using ion beams supplied 
by the Van de Graaff accelerator of the University of Paris. The amounts of oxygen in 
the films were also measured by nuclear reaction analysis (NRA), using 880 keV 2H+ 
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ions, with detection of emitted protons. Comparisons were made with an anodized 
tantalum standard of known oxygen content. Data were interpreted using the RUMP 
program. 
6.3 Results 
6.3.1 Voltage-Time Responses 
The voltage-time responses, shown in Fig. 6.1, for anodizing the sputtering-deposited 
specimens were of the usual form for the formation of a porous anodic film on an 
aluminium substrate containing multi-layers of Al-W alloy. The initial, approximately 
linear voltage rise corresponds to the thickening of a barrier layer and the initiation of 
pores in the non-uniform stage of film development, with the slope increasing with 
decrease of electrolyte temperature. Notably, the initial slope for anodizing at 40 °C 
declined from ~2.33 to ~1.39 V s-1 after 4 s, which may due to reduction in the current 
density that arose from an increase of specimen area because of penetration of the 
electrolyte beneath the edge of the masking lacquer. The subsequent plateau region 
indicates the establishment of regular porous film growth, with the plateau voltage 
increasing from 30 ± 1 to 77 ± 1 V with decrease of electrolyte temperature from 40 to 
1 °C (Table 6.1). Superimposed transient increases in voltage, most evident at 40 °C, 
indicate the oxidation of the Al-W alloy nanolayers. The voltage later declines as the 
tungsten species leave the barrier region of the film and they are incorporated into the 
porous film region. The increases in voltage may be related to change in the electric 
field within the barrier layer due to the presence of the tungsten species, which leads to 
transient modifications of the barrier layer thickness and pore dimension. The final rise 
in voltage occurs when the deposited aluminium and Al-W alloy layers are completely 
oxidized. The total time to completely oxidize the deposited film are ~46 s for 
specimens anodized at 20, 10, 5 and 1 °C and ~64 s for the specimen anodized at 40 °C 
respectively. The longer time of anodizing for the last, ~1.39 times that of the former, 
may be due to the decreased current density and voltage which results from the 
increased specimen area introduced earlier. The other reason for the longer time and 
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declined initial slope of anodizing at 40 °C may be generation of oxygen gas bubbles, 
which consumes a portion of the ionic current besides developing the film. 
6.3.2 Morphologies and Expansions of PAA Films 
Figure 6.2 shows scanning electron micrographs of typical plan views of the anodic 
films formed at 15 mA cm-2 in oxalic acid over the selected range of temperatures. The 
micrographs revealed faceted features over all of the film surfaces, which are due to the 
conversion of the faceted surface of the deposited aluminium into amorphous anodic 
oxide. The pores of the anodic films are evident as dark features and they are of variable 
shapes, which may be influenced by the topography of the surface of the deposited 
aluminium. The average pore diameter increases from 11 ± 2 to 24 ± 3 nm with 
decrease of electrolyte temperature between 40 and 1 °C, since the steady voltage, 
which mainly determines the cell dimension of the porous anodic film, progressively 
increases with decrease of electrolyte temperature during anodizing. However, the 
increase of pore diameter at the film surface is not significant with decrease of 
electrolyte temperature from 20 to 1 °C. The ratio of the major pore diameter at film 
surface and the steady voltage decreases from ~0.37 nm V-1 at 40 °C, to relatively 
constant value ~0.31-0.32 nm V-1 for films formed at 20, 10, 5 and 1 °C (Table 6.1). 
Cross sections of the porous anodic films formed at 15 mA cm-2 in oxalic acid at various 
temperatures are compared with that of the initial deposited aluminium in the 
transmission electron micrographs of Figs. 6.3a-f. The initial deposited aluminium film 
is 252 ± 5 nm thick, with 4 Al-W alloy tracer layers, each ~5 nm thick, evenly 
distributed in the aluminium. The tracer layers are of uniform contrast, with a slightly 
wavy appearance due to the columnar-grained structure and fine-scale roughness of the 
aluminium surface during deposition of the aluminium. Porous anodic films developed 
with progress of anodizing until the barrier film beneath the porous film was reached. 
All Al-W alloy layers were oxidized and incorporated into the porous films, with 
relatively greater thickness and lighter contrast compared with those in the initial 
deposited aluminum. Figure 6.3b shows the cross-section of the anodic film formed at 
40 °C, with small, branched pores. The outer ~50 nm of the anodic film revealed fine 
pores, which represent incipient pores that have not developed into the major pores 
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characteristic of the final voltage. The anodic film is ~295 ± 5 nm thick, which exceeds 
the thickness of the initial aluminium film by a factor of ~1.17. The Al-W alloy layers 
were of similar waviness to that of the layers in the deposited aluminium. The thickness 
of the tracer layers in the oxide exceeds that in the metal due to the volume increase on 
conversion of metal into oxide. Small amounts of residual aluminium, revealed as 
regions of different contrast, were present beneath the scalloped barrier layer at the 
bottom of the film. 
With reducing electrolyte temperature, the thicknesses of the barrier layer beneath the 
pores and the cell walls increased, and the Al-W alloy layers are evidently intercepted 
by the pores (Fig. 6.3b-f). Small amounts of residual aluminium were present close to 
the barrier alumina film for all the films. Importantly, the layers of Al-W tracer species 
appear severely distorted within the films, with the tungsten at the cell wall regions 
being located ahead of that beneath the pores. Further, there is a slight downward 
bending of the tracer layers near the cell boundaries. The thickness of the anodic film 
increases in order 333, 335, 350, 360 ± 5 nm with decreasing electrolyte temperature 
from 20, 10, 5 to 1°C, corresponding to expansion factors of the thickness of the anodic 
film relative to that of the consumed aluminium ~1.32, ~1.33, ~1.39, ~1.43 respectively 
(Fig. 6.4 and Table 6.2). The film expansion factor evidently reduces with increasing 
electrolyte temperature from 1, 5 to 10 °C, but the difference of the ratios for films 
formed at 10 and 20 °C is only slight (Fig. 6.4). The ratio for the film formed at 40 °Cis 
much lower than the former values, probably due to the reduced current density and 
voltage applied which resulted from the increased specimen area. 
6.3.3 Compositions and Anodizing Efficiencies of PAA Films 
RBS spectra in Fig. 6.5 reveal yields from aluminium, oxygen, tungsten species in the 
deposited aluminium film and the PAA films after anodizing. The presence of any 
hydrogen and carbon species could not be quantified by RBS due to its low sensitivity 
for light elements. The amounts of aluminium and tungsten in the deposited film 
correspond to 1.3 × 1018 and 2.2 × 1016 atoms cm-2 respectively. Thus, the average 
amount of tungsten in each layer is 5.5 × 1015 atoms cm-2. Assuming the atomic density 
of the Al-W alloy layer is close to that of pure aluminium, namely 6.02 × 1022 atoms 
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cm-3, and based on the average amounts of tungsten in each layer from RBS, 5.5 × 1015 
atoms cm-2, and the thicknesses of the tracer layer from transmission electron 
micrographs, ~5 nm, the average atomic percent of tungsten in the Al-W alloy layers is 
~18.3%. 
Following anodizing of the deposited aluminium, the Al-W alloy and the aluminium 
layers were oxidized and porous anodic films were developed. The energy ranges of the 
tungsten signal expanded and the counts of tungsten reduced compared with that in the 
deposited aluminium due to the compositional change on conversion of metal into oxide 
film. The steep declines of the aluminium signals in the energy range between 0.68 and 
0.77 MeV, which indicate the film/barrier alumina interfaces, suggest that the thickness 
of the anodic film increases with decrease of electrolyte temperature, which is 
consistent with TEM observations of the cross sections of the films. The amount of 
aluminium in the anodic film increases from 8.26×1017 to 1.01×1018 atoms cm-2 with 
decrease of temperature between 40 and 1 °C. The amounts of aluminium are less than 
that in the initial deposited aluminium film, due to the loss of aluminium to the 
electrolyte during anodizing. However, the amounts of tungsten species in the anodic 
films are similar to that in the initially deposited aluminium (within experimental error 
of 5%), indicating negligible loss of tungsten to the electrolyte, which is in agreement 
with previous findings.[17, 138] 
The anodizing efficiency, from the ratio of the charge associated with all the cations in 
the film (Al3+ and W6+ ions) to the charge required to oxidize the deposited film, 
increases from 0.67 to 0.74 with decreasing temperature between 20 and 1 °C, which is 
consistent with the increase of the ratio of the amount of aluminium in the film and that 
in the initial aluminium, Al/Al0, from 0.71 to 0.78 (Table 6.3). The anodizing efficiency 
from RBS and the Al/Al0 ratio for the film formed at 40 °C are 0.44 and 0.64 
respectively. The considerably lower value of the efficiency than that of the Al/Al0 ratio 
for the film formed at 40 °C may due to reduced current density and increased time of 
anodizing because of the penetration of electrolyte solution beneath the masking lacquer. 
For the same reason, the total charge passed, obtained from the product of current 
density and the anodizing time, is 0.96 C cm-2 for the film formed at 40 °Cand 0.69 C 
cm-2 for the rest of the films. Assuming the charge passed for the film formed at 40 °C is 
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the same as the other films, the corresponding anodizing efficiency from RBS is 0.61, 
which is in reasonable agreement with the value of the Al/Al0 ratio at 40 °C. The results 
of film compositions and anodizing efficiencies from the RBS spectra for all the films 
formed in oxalic acid are summarized in Table 6.3. 
NRA results disclose that the oxygen content in the film increases from 1.29×1018 to 
1.63×1018 atoms cm-2 with decreasing electrolyte temperature from 40 to 1 °C (Fig. 6.6). 
These correspond to charges ranging 0.396-0.500 C cm-2, using the mean charge 
numbers of oxygen of -1.92e obtained by Garcia-Vergara et al. under similar conditions 
of anodizing in 0.4 M oxalic acid.[138] The efficiency of film growth, calculated by 
dividing the charges of oxygen by the charge required to anodize the deposited 
aluminium films, increases from ~0.41 to ~0.73 in order of decreasing electrolyte 
temperature (Table 6.4). As explained above, the anodizing efficiency at 40 °C is 
unreasonably low. Assuming the charge passed to form the film at 40 °C is 0.69 C cm-2 
rather than 0.96 C cm-2 as for the other films, the corresponding efficiency from NRA 
would be ~0.57. Figure 6.7 shows the relationships between temperature and anodizing 
efficiencies determined from RBS and NRA analyses, indicating that the electrolyte 
temperature over the selected range has a small influence on the anodizing efficiency of 
the porous films, with a general trend of reduced efficiency from ~0.74 to ~0.67 with 
increasing electrolyte temperature between 1 and 20 °C. Further, the efficiencies 
determined from RBS and NRA are in good agreement. 
6.4 Discussion 
According to literature on the influence of the anodizing temperature on the morphology 
of thick PAA films, the overall field-assisted dissolution rate is enhanced at increased 
electrolyte temperature.[161, 162] Hence, a thinner barrier layer is established for 
anodizing at higher electrolyte temperature. According to the high field conductivity 
theory,[10] the reduced barrier layer thickness leads to a reduced potential in 
galvanostatic anodizing, and an increased steady state current in potentiostatic 
anodizing. Thus, in the potentiostatic anodizing mode, increase of electrolyte 
temperature results in increased steady state current density. Consequently, the oxide 
formation rate is increased and the film thickness increased as well. In the galvanostatic 
Chapter 6 Influence of Electrolyte Temperature on the Formation of PAA Films 
181 
 
anodizing mode, the steady state voltage is reduced at elevated electrolyte temperature, 
which leads to decreased oxide formation rate and reduced cell dimensions of the 
porous anodic oxide.[9] 
In the present study, all anodizing experiments, performed at the different electrolyte 
temperatures, were executed under galvanostatic conditions using a current density of 
15 mA cm-2. Thin sputtered aluminium containing Al-W alloy layers, ~250 nm thick, 
were used to develop porous anodic films. With decreasing electrolyte temperature from 
40 to 1 °C, the steady voltage increases gradually and results in increased pore diameter 
at the film surface. A constant ratio of the pore diameter relative to the plateau voltage, 
~0.31 nm V-1, was found for films formed over a range of temperatures between 20 and 
1 °C. The ratio is less than the typical value of ~1.2-1.3 nm V-1 for the steady-state 
porous alumina films formed in phosphoric acid.[9] The considerable smaller pore 
formation ratio is due to the films being formed on thin sputtered aluminium over a 
short period of time (most less than one minute). Thus, the pores did not completely 
develop into the regular, major pore state. Further, the pores were only measured at film 
surfaces, where the pores are smaller than that near the pore base regions. The ratio for 
the anodic film formed at 40 °C, being ~0.37 nm V-1, is relatively high compared with 
that for the rest of the films. The higher ratio is possibly due to the reduced current 
density and steady voltage which resulted from an expanded specimen area following 
penetration of the electrolyte beneath the masking lacquer. The reduced current density 
and steady voltage were revealed by the reduced initial slope ratio and elongated time of 
oxidizing the deposited aluminium under the same current as other specimens. Aerts et 
al.[165] investigated PAA films formed in sulphuric acid over a range of temperatures 
between 5 and 55 °C and found that the pore diameter depends on the position in the 
film as well as the electrolyte temperature. For all the considered electrolyte 
temperatures the pore diameter increases toward the film surface leading to cone-shaped 
pores. Since the porous film formation process occurs at the receding metal/oxide 
interface, the oxide at the surface, being initially formed, has been subjected to 
dissolution for the longest time. In contrast, the pore diameter near the pore base 
remains constant over a range of temperatures since the oxide at the pore base is freshly 
formed. In this study, the pore diameters in the middle of the film and at the pore base 
are not determined and compared with that at the film surface. Further, the chemical 
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dissolution of film material at the film surface may be negligible under the selected 
temperatures for the short periods of time used to anodize the present specimens. Thus, 
the pore diameter is more directly determined by the applied voltage, which is enhanced 
with decreasing the temperature of the electrolyte solution. 
Observations of the cross sections of the anodic films evidently show an inversion of 
the distribution of tungsten within the barrier layer regions, with the first incorporated 
tungsten, originally at the base of the troughs in the metal/oxide interface, eventually 
lagging the tungsten incorporated into the cell walls, which is similar to the findings for 
anodic films with a single incorporated tungsten tracer layer formed under similar 
conditions.[17, 138, 155] Similar to porous films formed in phosphoric acid, it is clearly 
shown in the TEM micrographs that the tungsten layers are severely distorted and 
distributed in the inner barrier layer and cell wall regions, most evident for films formed 
at lower temperatures (≤?10 °C). The distribution of tungsten species in the films is 
contradictory to the expectations of a field-assisted dissolution model but supports the 
flow mechanism of the porous film growth in which the flow of film material transports 
the tungsten in the barrier layer regions toward the cell walls. Further, the RBS results 
indicate that losses of tungsten species to the electrolyte during formation of the porous 
anodic films at selected temperatures are negligible, which is associated with combined 
effects of their slower outward migration rate relative to that of Al3+ ions and their 
transport in the barrier layer regions due to flow of alumina, driven by compressive 
stresses from electrostriction.[133] 
The relationship between temperature and the anodizing efficiency in Fig. 6.7 indicates 
that both efficiencies determined by RBS and NRA analysis are in good agreement. 
Moreover, the anodizing efficiency of the films formed at 15 mA cm-2 progressively 
increases with reducing electrolyte temperature between 20 and 1 °C and the 
efficiencies are in the range 0.65-0.75. However, the efficiency of film growth at 40 °C 
(~0.4) is much lower than the previous values, which is possibly associated with a 
significantly reduced real current density. The other possible factor for the unexpected, 
decreased anodizing efficiency is the generation and evolution of oxygen gas bubbles 
accompanying the growth of the anodic film. However, oxygen evolution is probably 
ruled out because Patermarakis et al.[11] found that oxygen evolution during anodic film 
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growth in oxalate solution is practically infeasible at electrolyte temperatures employed 
between 20 and 40 °C since the ionic current across the barrier layer was close to 100% of 
the electronic current during anodizing and the aluminium consumption was sufficiently 
close to the mass anticipated by Faraday’s law. If all the unexpected factors were 
excluded for anodizing at 40 °C, the corresponding efficiencies from RBS and NRA 
would be ~0.6, as indicated in Fig. 6.7. The findings suggest that high range of 
electrolyte temperatures (≤?40 °C) increases field-assisted dissolution of the film at the 
pore base regions which results in a significantly reduced efficiency of film formation. 
The effect of field-assisted dissolution of the anodic film is significantly decreased at 
lower temperatures. Consequently, the anodizing efficiency slightly increases with 
decrease of electrolyte temperature. 
Overall, increase of electrolyte temperature during anodizing at constant current density 
results in reduced electric field, which accordingly leads to reduced oxide formation rate 
and film thickness. This may also associated with increase of the transport number of 
Al3+ ions at higher temperature. Since Al3+ ions are directly ejected into the electrolyte 
under the electric field during the formation of porous anodic film, increase of transport 
number of Al3+ ions results in increased loss of aluminium in the films and reduced film 
thickness. Precise detail of the influence of temperature on field-assisted dissolution of 
the alumina film and field-assisted ejection of Al3+ ions during PAA formation require 
further experiments for clarification. 
6.5 Conclusions 
1. The steady voltage during anodizing at constant current density progressively 
increases with reducing electrolyte temperature, which results in increased pore 
diameter. 
2. The electrolyte temperature has an influence on the anodizing efficiency of the 
porous film formation, with a general trend of increased efficiency from ~0.67 to 
~0.74 with decreasing electrolyte temperature between 20 and 1 °C. Increase of 
electrolyte temperature results in reduced electric field which, accordingly, induces 
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the increase of field-assisted ejection of Al3+ ions into the electrolyte or 
field-assisted dissolution of formed alumina at the pore base regions. 
3. The efficiency of the film growth at 40 °C (~0.4) is much lower than the previous 
values, which is possibly associated with significantly reduced real current density 
due to an expansion of the specimen area following penetration of the electrolyte 
beneath the marking lacquer. 
4. The increase in anodizing efficiency with decrease in electrolyte temperature leads 
to formation of comparatively thicker films at lower temperatures, with the film 
expansion factors being ~1.43 and ~1.17 at 1 and 40 °C respectively. 
5. The distribution of the tungsten tracer within inner cell regions of the porous films 
suggests a significant flow on the transport of tungsten species from the barrier 
layer regions to the cell walls during the steady state film growth over the selected 
range of temperatures. 
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Table 6.1 Pore diameters and pore formation ratios for the PAA films formed at 15 mA 
cm-2 in 0.4 M oxalic acid at temperatures between 40 and 1 °C. 
Temperature 
(°C) 
Initial 
voltage 
slope 
(V s-1) 
Steady 
voltage 
(V) 
Pore 
diameter 
(nm) 
Pore 
Formation 
ratio 
(nm V-1) 
40 2.33/1.39 30 11 0.37 
20 3.96 56 18 0.32 
10 4.65 65 20 0.31 
5 4.88 70 22 0.31 
1 5.18 77 24 0.31 
 
 
 
 
 
Table 6.2 Thicknesses and expansion factors of the PAA films formed at 15 mA cm-2 in 
0.4 M oxalic acid at temperatures between 40 and 1 °C. 
Specimen 
Electrolyte 
Temperature 
(°C) 
Film thickness 
(nm) 
Film 
Expansion 
factor 
Deposited Al / 252 / 
OT1 40 295 1.17 
OT2 20 333 1.32 
OT3 10 335 1.33 
OT4 5 350 1.39 
OT5 1 360 1.43 
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Table 6.3 RBS analysis results for the PAA films formed at 15 mA cm-2 in 0.4 M oxalic 
acid at temperatures between 40 and 1 °C. 
Specimen 
Electrolyte 
temperature 
(°C) 
Anodizing 
time 
(s) 
Amount of 
Al 
(atoms cm-2) 
Amount of 
W 
(atoms cm-2) 
Al/Al0 
Anodizing 
efficiency 
from 
cations 
Deposited 
film 
/ / 1.29×1018 2.18×1016 / / 
OT1 40 64 8.26×1017 2.18×1016 0.640 0.435 
OT2 20 46 9.18×1017 2.24×1016 0.712 0.670 
OT3 10 46 9.41×1017 2.23×1016 0.729 0.686 
OT4 5 46 9.66×1017 2.27×1016 0.749 0.703 
OT5 1 46 1.01×1018 2.26×1016 0.783 0.737 
 
 
 
Table 6.4 NRA analysis results for the PAA films formed at 15 mA cm-2 in 0.4 M 
oxalic acid at temperatures between 40 and 1 °C (the average charge number per 
oxygen ion is assumed to be -1.92e). 
Specimen 
Electrolyte 
temperature 
(°C) 
Amount of 
Oxygen 
(atoms 
cm-2) 
Oxygen 
charge 
(C cm-2) 
Charge 
passed 
(C cm-2) 
Anodizing 
efficiency 
from O2- 
ions 
OT1 40 1.29×1018 0.396 0.96 0.413 
OT2 20 1.50×1018 0.461 0.69 0.668 
OT3 10 1.53×1018 0.470 0.69 0.681 
OT4 5 1.55×1018 0.478 0.69 0.692 
OT5 1 1.63×1018 0.500 0.69 0.725 
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Figure 6.1 Voltage-time responses for sputtering-deposited aluminium, with 4 
incorporated Al-W alloy layers, following anodizing at 15 mA cm-2 in 0.4 M oxalic acid 
at temperatures between 1 and 40 °C. 
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Figure 6.2 Scanning electron micrographs of sputtering deposited aluminium, with 4 
incorporated Al-W alloy layers, following anodizing at 15 mA cm-2 in 0.4 M oxalic acid 
at (a) 40, (b) 20, (c) 10, (d) 5 and (e) 1 °C. 
(a) (b) 
(c) (d) 
(e) 
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Figure 6.3 Transmission electron micrographs of ultramicrotomed sections of sputtering-deposited aluminium with 4 incorporated Al-W alloy 
layers (a) and following anodizing at 15 mA cm-2 in 0.4 M oxalic acid at (b) 40 °C, (c) 20 °C, (d) 10 °C, (e) 5 °C and (f) 1 °C. 
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Figure 6.4 The relationship between the electrolyte temperature and the expansion factor 
of the thickness of the anodic film to that of the initial deposited aluminium. 
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Figure 6.5 RBS spectra for sputtering-deposited aluminium, with 4 incorporated Al-W 
alloy layers, before and following anodizing at 15 mA cm-2 in 0.4 M oxalic acid at 
temperatures between 1 and 40 °C. 
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Figure 6.6 NRA spectra for the deposited aluminium substrate and the PAA films formed 
at 15 mA cm-2 in 0.4 M oxalic acid at temperatures between 1 and 40 °C. 
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Figure 6.7 The relationship between the electrolyte temperature and the anodizing 
efficiencies determined by RBS and NRA analyses. 
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Chapter 7 
Incorporation and Migration of Phosphorus 
Species in Anodic Alumina Films Containing 
Tungsten Tracer Layers 
7.1 Introduction 
Amorphous barrier-type films are formed by anodic polarization of aluminium in 
suitable electrolytes. The films grow by field-assisted transport of Al3+ and O2- ions,[166] 
with outward migrating Al3+ ions and inward migrating O2- ions forming anodic alumina 
at the film/electrolyte and metal/film interfaces respectively. Low concentrations of 
species derived from the anions of the electrolyte are normally incorporated into the 
film. The incorporated species reveal a range of behaviour, including immobility and 
inward or outward mobility, depending upon the particular species.[15] In contrast, only 
inward migrating species are present in porous anodic films, since new film material is 
formed primarily by inward migration of O2- ions.[13, 167] 
In the present work, interest lies in the migration of tungsten and phosphorus species in 
relation to the use of tungsten species as tracers for investigating the generation of pores 
in alumina films formed in phosphoric acid.[168] Studies of barrier films indicate that 
tungsten species incorporated into a film either from an alloy substrate or from the 
electrolyte migrate outward at between ∼0.3 to 0.4 times the rate of Al3+ ions.[169-172] In 
contrast, phosphorus species incorporated from the electrolyte solution migrate inward 
at ∼0.51 times the rate of O2- ions,[173] with phosphorus species typically found within 
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the outer ∼0.7 to 0.8 of the thickness of barrier films formed in phosphate electrolyte at 
high efficiency.[42, 49, 174, 175] In the case of the porous films, tungsten tracer species enter 
the film at the metal/film interface, originating from a nanolayer of Al-W alloy located 
within a sputtering-deposited aluminium substrate.[168, 176] Phosphorus species are 
incorporated into the film at the pore base from the phosphoric acid. The outward 
transport of tungsten species toward the pore base is halted at the middle of the barrier 
layer, which led to the suggestion that pores are generated by flow of the film material 
of the barrier layer from beneath the pore bases toward the pore walls. In this Chapter, 
consideration is given to the possibility that the interruption of the outward movement 
of tungsten is due to an influence of the inwardly migrating phosphorus species by 
following the transport of tungsten tracers incorporated as nanolayers into barrier and 
porous alumina films. The schematic diagram of Fig. 7.1 simply shows the inward 
incorporation and migration of phosphorus and simultaneously, the outward migration 
of tungsten species during anodizing an aluminium substrate, with a tungsten nanolayer 
on the surface, in neutral phosphate solution. 
7.2 Experimental Procedure 
7.2.1 Specimen Preparation 
The three types of specimens used in the study are shown in Figs. 7.2a-c. The substrates 
consisted of 99.99% aluminium that was electropolished as usual, as described in 
previous chapters. Type 1 specimens were then anodized to form a ~120 nm thick 
barrier film, which was then stripped from the aluminium by immersion for 15 min in a 
solution containing 20 g l-1 CrO3 and 35 ml l-1 H3PO4 at 60 °C. The stripping procedure 
resulted in the original barrier film being replaced by a thin alumina film containing 
Cr3+ and PO43- ions.[47, 173] The anodizing/film stripping step was employed to provide a 
flatter surface than that generated after electropolishing. 
A ∼6 nm thick layer of Al-20at.%W alloy was then deposited onto the 
differently-treated substrates in an Atom Tech magnetron sputtering facility, with 50 mm 
diameter targets of 99.999% aluminium and 99.95% tungsten. A layer of aluminium was 
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then deposited above the alloy. For type 1 and 2 specimens, a second stage 
barrier-film-forming anodizing and then film stripping was performed to adjust the 
thickness of the sputtering-deposited aluminium; the stripping of type 2 specimens was 
terminated just before the anodic film was removed completely, such that the residual 
oxide was chromium- and phosphorus-free, whereas the anodic oxide was fully 
removed from type 1 specimens to leave a residual oxide containing Cr3+ and PO43- ions. 
The thicknesses of aluminium were selected to provide different extents of overlap of 
the tungsten and phosphorus distributions in the subsequently formed barrier films. 
Type 1 and 2 specimens were finally anodized to 122 V at 5 mA cm-2 in a ~0.4 M 
neutral phosphate solution (prepared by adding 60% H3PO4 to 0.4 M Na3PO4 solution) 
at room temperature to form barrier films. Reference specimens of electropolished 
aluminium were anodized to 100 V at 5 mA cm-2 in the same solution. Type 3 
specimens were anodized at 5 mA cm-2 in 0.4 M phosphoric acid at room temperature, 
for either 207 or 235 s, to form porous films. Electropolished aluminium specimens 
were also anodized at 5 mA cm-2 in the same electrolyte for 240 s. Between all stages of 
the specimen preparation, specimens were rinsed in deionized water and then dried in a 
cool air stream.  
Figure 7.3 shows the voltage-time response representative of type 1 and 2 specimens 
anodized in the phosphate electrolyte, from which the depth of the Al-W alloy layer was 
determined. An inflection separates the linear regions due to anodizing firstly of the 
deposited aluminium and secondly of the bulk aluminium. The inflection is due to 
anodizing of the Al-W alloy layer, followed by a voltage surge due to the ∼2-3 nm thick, 
residual oxide on the bulk aluminium. The latter should result in a voltage step of ∼1.5 
to 2.5 V on a perfectly flat and uniform specimen. The voltage, VW, corresponding to 
the mid-thickness of the Al-W alloy layer was determined by subtracting the 
contribution of the oxide, estimated from the intercept of the experimental response 
with a line lying parallel to, but 2.5 V below, that for oxidation of the bulk aluminium. 
The voltage was then converted to a thickness of metal using a formation ratio and a 
Pilling-Bedworth ratio (PBR) for the oxide of 1.2 nm V-1 and 1.65 respectively. The 
formation ratio is consistent with the experimental values determined in the present 
study, while the PBR is that for amorphous anodic alumina of density 3.1 g cm-3.[50] 
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7.2.2 Specimen Examination 
Electron-transparent cross-sections of anodized specimens, nominally ~15 nm thick, 
were prepared by ultramicrotomy with a diamond knife and examined by transmission 
electron microscopy (TEM) in either a JEOL-2000 FX II instrument operated at 120 kV 
or a TECNAI F30 instrument at 300 kV, with a Gatan imaging filter (GGIF2001) and an 
Si(Li) detector with a super-ultra-thin window for energy-dispersive X-ray (EDX) 
analysis. The probe size during EDX line profiling was 1 nm.  
A GD-Profiler 2 (Horiba Jobin Yvon), operating in the radio frequency mode at 13.56 
MHz, was used for glow discharge optical emission spectroscopy (GDOES) elemental 
depth profiling of the specimens anodized in the phosphate solution. A 4 mm-diameter 
copper anode was employed. The emission responses from the excited sputtered 
elements were detected with a polychromator of focal length of 500 mm with 30 optical 
windows. The barrier anodic films were sputtered in an argon plasma at a pressure of 
700 Pa and power of 35 W, with a data acquisition time of 0.005 s. The emission lines 
(nm) used for the analyses were 130.21 for oxygen, 178.28 for phosphorus, and 429.46 
for tungsten and 425.43 for chromium. Prior to profiling, pre-sputtering of a sacrificial 
silicon wafer was undertaken at the power and pressure used for depth profiling to 
provide a clean plasma source and to stabilize the plasma at the commencement of 
depth profiling.[153] 
7.3 Results 
7.3.1 Analysis of Barrier Films by Glow Discharge Optical Emission 
Spectroscopy 
Figure 7.4 shows GDOES elemental depth profiles for barrier anodic films on 
Cr3+-containing, type 1 specimens anodized to 122 V at 5 mA cm-2 in 0.4 M neutral 
phosphate electrolyte, revealing the distributions of oxygen, chromium, phosphorus, and 
tungsten species. The profiles of Fig. 7.4a result from anodizing a specimen with the 
mid-thickness of the Al-W alloy layer at a depth of ∼34 nm. The oxygen signal 
identifies the region of the anodic oxide, with the metal/film interface readily defined as 
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the half height of the falling edge of the oxygen signal at ~6.3 s (as indicated by a red 
dashed line). The signal from tungsten shows a peak at ∼3.7 s, with the ratio of the 
sputtering times to reach the tungsten peak and the metal/film interface being 0.59 ± 
0.03. Two peaks are evident in the chromium signal, with one close to the film surface, 
at ~0.6 s, and the other adjacent to the tungsten peak, at ~3.7 s; the peaks arise from the 
residual oxides of the two film stripping procedures. The inset in Fig. 7.4a shows the 
aluminium profile, which shows a relatively uniform distribution of aluminium in the 
film apart from a decreased intensity in the vicinity of the tungsten peak. A large 
increase in intensity, corresponding to the metal/film interface, coincides with the fall in 
intensity of the oxygen signal. Similar trends in the aluminium signal were evident for 
all of the specimens that were analyzed by GDOES. Phosphorus is present in the outer 
region of the film, and includes peaks at ∼3.8 and ~5.3 s. The first peak is close to the 
tungsten peak and represents either a change in concentration and/or sputtering rate in 
the tungsten-containing region. Of possible relevance, previous work has shown that the 
presence of tungsten increases the sputtering rate of anodic alumina.[177] The second 
peak is due to the phosphorus species incorporated into the residual oxide left by the 
stripping solution used to flatten the electropolished aluminium. Between the two peaks, 
the boundary of the film region containing phosphorus species derived from the 
anodizing electrolyte is evident by a decreasing phosphorus signal. A blue dashed line 
shows the boundary location, with a ratio of 0.68 ± 0.03 for the sputtering times to reach 
the boundary and metal/film interface. The phosphorus peak at the beginning of 
sputtering possibly arises from absorbed phosphate ions from the electrolyte.  
Figure 7.4b displays the GDOES elemental profiles for a barrier film formed on a type 1 
specimen with the Al-W alloy layer buried at a depth of ∼6 nm. The falling edge of the 
oxygen signal indicates that the metal/film interface is reached at ~5.8 s, which is 0.7 s 
less than that for the previous specimen. The ratio of the times to sputter to the tungsten 
peak (∼2.1 s) and the metal/film interface is ~0.36 ± 0.03, which is less than that for the 
previous specimen due mainly to the reduced initial thickness of aluminium above the 
Al-W alloy layer. The chromium signal for this specimen, which appears to consist of 
overlapping peaks, is considered later. The falling edges and peaks in the profiles are 
broader than in Fig. 4a, due to an increasing non-uniformity of the film that is evident in 
later transmission electron micrographs. As a consequence, the peak due to the 
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phosphorus derived from the stripping solution is not resolved from the signal due to the 
phosphorus incorporated from the anodizing electrolyte. However, the phosphorus 
derived from the electrolyte is clearly distributed in an outer region of the film, with a 
relative thickness similar to that of the previous specimen. The phosphorus signal 
reveals a peak coincident with the tungsten peak, as observed previously in Fig. 7.4a.  
GDOES elemental profiles of barrier films produced on Cr3+-free type 2 specimens are 
shown in Figs. 7.5a and b, with respective depths of Al-W alloy of ∼27 and 18 nm. The 
times to sputter to the metal/film interfaces are ~6.8 s for both films, with ratios of times 
to reach the tungsten peak and the metal/film interface of 0.49 ± 0.02 and 0.40 ± 0.02 
respectively. The corresponding ratios for the phosphorus-containing region are similar, 
~0.66 ± 0.03.  
For comparison, a GDOES profile is shown in Fig. 7.6 for electropolished aluminium 
anodized to 100 V at 5 mA cm-2 in the phosphate solution. The ratio of times to 
sputtering through the phosphorus-containing region and the whole film is 0.69 ± 0.03, 
which is similar to the ratio determined for the chromium-free specimens with the 
tungsten tracer. The undulations in the plateau region of the phosphorus signal are due 
to optical interference effects, which were also evident in the previous specimens.  
7.3.2 Observation of Barrier Films by Transmission Electron 
Microscopy 
Figure 7.7 shows transmission electron micrographs of ultramicrotomed cross-sections 
of chromium-containing, type 1 specimens, corresponding to the GDOES profiles of Fig. 
7.4a and b, respectively. The anodic films are respectively 147 ± 5 and 145 ± 5 nm thick, 
indicating an average formation ratio of ∼1.20 nm V-1, which is close to the expected 
value for formation of amorphous anodic alumina in phosphate electrolyte.[42] The 
tungsten tracer layer is clearly revealed as a dark band of thickness 14 ± 5 nm, 
compared with the original thickness of ~6 nm. The ratios of the depth to the middle of 
the tracer layer and the total film thickness are 0.53 ± 0.02 and 0.35 ± 0.02 for the 
anodic films of Fig. 7.7a and b, respectively. These values are in reasonable agreement 
with the ratios of sputtering times for the same regions from GDOES, 0.58 ± 0.02 and 
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0.36 ± 0.03, respectively. Small void-like features of 2-4 nm diameter, which are 
bubbles of oxygen generated within the tungsten layer (as considered later in discussing 
the effect of chromium species), are evident within the tungsten layer of Fig. 7.7a. The 
bubbles are of larger size in Fig. 7.7b and are mainly located just beneath the tungsten 
layer, which is of more irregular shape. Unlike tungsten, chromium is not revealed 
directly in Fig. 7.7 due to its relatively low atomic number and concentration, and 
overlap with tungsten. 
Figures 7.8a and b show transmission electron micrographs of ultramicrotomed 
cross-sections of the chromium-free, type 2 specimens corresponding to the GDOES 
profiles of Fig. 7.5a and b, respectively. The thicknesses of the anodic films are 141 ± 5 
nm and 148 ± 5 nm respectively, with an average formation ratio of ∼1.18 nm V-1 that is 
similar to the value for the films of Fig. 7.7. The tungsten layers in the films are 
relatively uniform, with a thickness of 13 ± 5 nm, and free of oxygen bubbles. The 
depth ratios of the layers are 0.46 ± 0.02 and 0.40 ± 0.02 respectively, close to the 
values of 0.49 ± 0.02 and 0.40 ± 0.02 from the sputtering times in GDOES. The 
micrographs of Figs. 7.7 and 7.8 indicate that type 2 specimens are preferable to type 1 
specimens for studying the transport of tungsten species by GDOES, since any benefit 
from flattening the electropolished aluminium by film stripping is outweighed by the 
nonuniformity introduced into the film by the oxygen bubbles. 
7.3.3 Observation of PAA Films by Transmission Electron Microscopy 
Transmission electron micrographs of ultramicrotomed cross-sections of type 3 
specimens (with the Al-W alloy buried at a depth of ∼300 nm), anodized at 5 mA cm-2 
in 0.4 M phosphoric acid for 207 s and 235 s to form porous anodic films are shown in 
Fig. 7.9a and Fig. 7.10a respectively. The micrographs show relatively deep major pores 
and finer pores near the film surface, with the later representing incipient pores from the 
initial stages of anodizing. The barrier layer in Fig. 7.9a is ~144 nm thick, with a final 
anodizing voltage of 131 V, indicating a formation ratio of ~1.10 nm V-1. The tungsten 
tracer layer is incorporated into the barrier layer of the porous film. Immediately 
beneath the pore base, the tracer layer is initially located at ∼0.57 of the barrier layer 
Chapter 7 Incorporation and Migration of Phosphorus Species in Anodic Alumina 
Films Containing Tungsten Tracer Layers 
201 
 
thickness (Fig. 7.9a), with a shallow valley beneath the pore. The valley deepens with 
further anodizing and the tracer becomes U-shaped as the outward transport of tungsten 
is halted at the middle of the barrier layer (Fig. 7.10a). The tungsten tracer near the cell 
boundaries lags slightly that in the middle regions of the cell walls, resulting in a 
V-shape.  
The EDX line profile analyses across the barrier layer beneath the major pores, along 
the solid lines in Fig. 7.9a and Fig. 7.10a, are shown in Fig. 7.9b and Fig. 7.10b 
respectively. They all show a broad region of oxygen, a comparatively shorter region of 
phosphorus and an evident tungsten peak in the phosphorus-containing region. The 
decreases in the oxygen signal, marked by two dashed lines, indicate the locations of the 
film/electrolyte and metal/film interfaces. The phosphorus signals of lower intensity 
than the oxygen signals show that phosphorus species are contained in an outer region 
of the barrier layer, marked by a blue dashed line. The ratios of the thickness of 
phosphorus containing region relative to the barrier layer thickness are similar, being 
0.77 ± 0.04 and 0.79 ± 0.04 for films in Fig. 7.9b and Fig. 7.10b respectively. The 
distributions of the phosphorus are in good agreement with measurements by Ono et 
al.[178] Notably, the intensities of oxygen, phosphorus and tungsten signals in Fig. 7.10b 
are higher than that in Fig. 7.9b, since the porous film in Fig. 7.10a had been exposed to 
a roughly condensed electron beam for 10 min before proceeding EDX line profiling, 
resulting in a cleaner film with removal of resin species and other contaminants on 
original film and thus higher intensities of all signals. The relatively weak tungsten 
signals show distinct peaks (indicated by a dashed line) at ~0.57 (Fig. 7.9b) and ~0.49 
(Fig. 7.10b) of the barrier layer thickness from the pore base, and are consistent with the 
locations of tungsten in the TEM micrographs. 
The transmission electron micrograph of Fig. 7.11a shows an ultramicrotomed 
cross-section of the porous anodic film formed for 240 s on electropolished aluminium 
in phosphoric acid. The barrier layer thickness, ~146 nm, and final anodizing voltage, 
159 V, correspond to a formation ratio of ~0.92 nm V-1. The EDX line profile across the 
barrier layer beneath the central pore is presented in Fig. 7.11b and reveals that 
phosphorus is contained in the outer 0.79 ± 0.04 of the barrier layer. In order to further 
determine the location of phosphorus, the film was exposed to a flux of electrons in the 
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transmission electron microscope to crystallize preferentially the phosphorus-free 
regions of the film.[179] After 8 min, small crystals appeared as dark spots at the base of 
the barrier layer and at cell boundaries between adjacent pores. By 15 min, an inner 
region of barrier layer and a region next to the cell walls were entirely crystallized, as 
shown in Fig. 7.11c. The phosphorus-containing region is 0.78 ± 0.04 of the barrier 
layer, which is in good agreement with the value from EDX analysis. 
7.4 Discussion 
7.4.1 Incorporation and Migration of Phosphorus Species in Anodic 
Alumina Films Containing Tungsten Tracer Layers 
During film formation, phosphorus species migrate beyond the tungsten tracer, as 
evident in the GDOES profiles of Figs. 7.4 and 7.5. The depths of the tungsten layer 
within the films measured by GDOES and TEM are in reasonably good agreement 
(Table 7.1), indicating that the sputtering rate is relatively constant during profiling. 
According to GDOES (Figs. 7.4-7.6), phosphorus is present within the outer ∼0.68 of 
the films. The findings are in good agreement with previously reported phosphorus 
distributions in anodic alumina formed in phosphate electrolytes,[49, 173-175] and show no 
significant influence of either tungsten or chromium species (Table 7.1). However, an 
earlier study found that phosphorus was present only in the outer ∼0.5 thickness of films 
formed on an Al-15at.%W alloy,[177] which suggested a reduced migration rate. Thus, 
the migration of phosphate ions may be transiently slowed in the present films during 
their passage through the tungsten-containing region. 
In mechanistic studies of porous anodic films using a tungsten tracer,[168, 176] a ∼5 nm 
thick layer of Al-20at.%W alloy is incorporated into an aluminium substrate and the 
behaviour of the layer is followed in the subsequently formed film. The evolution of the 
layer into a U-shape beneath the pores indicates that the outward transport of W6+ ions 
toward the pore base is impeded, with modelling studies suggesting that it is due to an 
opposing inward flow of film material.[180] The present EDX analyses show that 
phosphorus species are located in the outer ~0.80 thickness of the barrier layer, and that 
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the phosphorus distribution is practically unaffected by the tungsten tracer (Fig. 7.9 and 
7.10). Furthermore, using the geometrical model of O'Sullivan and Wood for a porous 
film formed at 100 V, with the radius of curvature of the pore base and the barrier layer 
thickness being 90 and 104 nm respectively,[9] the phosphorus-containing region 
represents ∼0.68 of the volume of barrier layer region, which is similar to the depth of 
phosphorus in a barrier film. 
7.4.2 Influence of Phosphorus Species on the Migration of Tungsten 
Tracer 
In order to assess the influence of the phosphorus species on the migration of the 
tungsten species, the relative depth of the tungsten species, dw (depth/film thickness), 
was calculated from the thickness of oxidized aluminium and Al-W alloy (measured to 
the middle of the Al-W layer), the transport number of  Al3+ ions, t+Al, (assumed to be 
in the range 0.35 to 0.5[171, 181-184]), and the migration rate of W6+ ions with respect to 
Al3+ ions, mW, (assumed to be in the range 0.3 to 0.4[169-172]), using the relationship: 
dw = (VW + t+Al (1-mW) (Vf-VW) )/Vf 
in which VW is the estimated voltage at the mid-thickness of the Al-W layer and Vf, is 
the final voltage (Fig. 7.3). Table 7.1 shows that the calculated positions agree 
reasonably with the measured positions by GDOES and TEM, considering the 
uncertainty in the values of transport number of Al3+ ions and migration rate of W6+ ions 
and the thickness of the oxidized aluminium layers. Assuming a transport number of 0.4 
for Al3+ ions, the calculated relative migration rates of W6+ ions, derived from the 
locations of tungsten measured by TEM, were 0.40, 0.23, 0.43 and 0.37 for specimens 1 
to 4 (Table 7.1) respectively, with an average of 0.36. 
7.4.3 Influence of Chromium Species on the Growth of Anodic Alumina 
Films 
Previous studies have shown that Cr3+ ions migrate outward in anodic alumina at ∼0.74 
times the rate of Al3+ ions.[171] Further, the incorporation of Cr3+ ions can lead to the 
formation of oxygen bubbles within the alumina, which has been reported from studies 
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of anodic oxidation of Al-Cr alloys.[185] Oxygen bubbles have also been observed when 
a thin band of Cr3+ ions migrates into the tungsten-containing region of a film formed in 
a tungstate electrolyte.[185] The oxygen is formed by oxidation of the O2- ions of the 
alumina, which is probably facilitated by introduction of impurity levels into the band 
gap of the alumina.[186] During formation of the films on the present specimens, the 
faster migrating Cr3+ ions of the inner residual oxide (see Fig. 7.2a) enter the overlying 
W6+-containing region. Oxygen is generated within the region, leading to nucleation and 
growth of oxygen bubbles within the tungsten layer. No oxygen bubbles are resolved in 
the outer regions of the films, where GDOES indicates that chromium and little, or no, 
tungsten is present, suggesting that the co-presence of Cr3+ and W6+ ions is important 
for the generation of oxygen in the specimens. The bubbles are expected to be immobile 
in the film, similarly to inert gas bubbles in marker studies.[166, 181, 187] The bubbles grow 
in size with progress of anodizing, as evident from comparison of Figs. 7.7a and b. The 
migration of W6+ ions that are located above and between bubbles is unhindered by the 
presence of the bubbles. However, the outward movement of W6+ ions that are located 
beneath the bubbles is blocked. The non-uniform migration leads to a broadened and 
irregular tungsten band within the film. The movement of some of the W6+ ions away 
from the bubbles is evident from comparison of the micrographs of Fig. 7.7a, revealing 
bubbles within the tungsten layer, and Fig. 7.7b, revealing bubbles beneath the layer in 
many locations. The displacement of the layer with respect to the bubbles is ∼5-10 nm, 
which is of the expected magnitude for migration at ∼0.35 times the rate of Al3+ ions.  
Brief consideration is given to the effects of chromium, although further experimental 
study is necessary to resolve the details of their distributions. The remarks are tempered 
by the observations that the amounts of chromium originating from the residual oxides 
appeared to vary between analyses of different regions of a specimen. Table 7.1 gives 
the calculated locations in the films of Cr3+ ions derived from each of the residual 
oxides (see Fig. 7.2a), based on a relative migration rate (mCr) of 0.74, in comparison 
with the locations suggested by GDOES from the sputtering times. The relative depths 
of Cr3+ ions originating from the outer, dCr1, and inner, dCr2, residual oxides were 
calculated from the relations: 
dCr1 = t+Al(1-mCr) 
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dCr2 = (VCr + t+Al(1 - mCr)(Vf-VCr))/Vf 
in which VCr is the estimated voltage at the mid-thickness of the residual oxide (Fig. 
7.3). For the specimen of Fig. 7.4a, the first chromium peak, nearest to the film surface, 
is in agreement with the calculated location of Cr3+ ions originating from the outer 
residual oxide (see Fig. 7.2a), while the second peak, due to chromium of the inner 
residual oxide, is at a lower depth than expected. For the specimen of Fig. 7.4b, the first 
peak appears to comprise contributions from Cr3+ ions of both residual oxides, which 
migrate outward at close to the usual rate; the second peak is due to Cr3+ ions of the 
inner residual oxide, the migration of which has been slowed. Thus, both specimens 
indicate that the tungsten-containing layer, with its developing oxygen bubbles, impedes 
the outward migration of some of the Cr3+ ions, although more detailed analyses are 
required to understand the interaction between Cr3+ and W6+ ions migration and the 
growth process of the oxygen bubbles in the anodic films. 
7.5 Conclusions 
1. Under the selected conditions of anodizing, at a constant current density of 5 mA 
cm-2,
 
barrier anodic alumina films formed in neutral phosphate solution and the 
barrier layers of porous films formed in phosphoric acid consist of a 
phosphorus-containing outer region and a phosphorus-free inner region. The 
phosphorus-containing region accounts for ~0.67 of the barrier films and the ~0.80 
of the barrier layer of the porous films.  
2. The distributions of phosphorus are not significantly affected by the incorporation 
of a nanolayer of tungsten tracer species into the films. Further, the tungsten tracer 
species can migrate into the phosphorus-containing regions, with little influence of 
the phosphorus species. 
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Table 7.1 Comparison of measured locations of phosphorus, tungsten and chromium 
with predicted locations based on the assumption of respective relative migration rates 
of 0.51, 0.30 to 0.40, and 0.74, with a transport number of Al3+ in the range 0.35 to 0.50. 
Specimen Species Predicted location 
Measured location 
GDOES TEM 
Type 1 
Cr3+ 
-containing 
1 
Figs 7.4a/7.7a 
P 0.68-0.76 0.68 n.d. 
W 0.51-0.60 0.59 0.53 
Crouter 0.09-0.13 0.08 n.d. 
Crinner 0.50-0.52 0.59 n.d. 
2 
Figs 7.4b/7.7b 
P 0.68-0.76- n. d. n.d. 
W 0.26-0.39 0.36 0.35 
Crouter 0.09-0.13 0.09 n.d. 
Crinner 0.22-0.24 0.43 n.d. 
Type 2 
Cr3+-free 
3 
Figs 7.5a/7.8a 
P 0.68-0.76 0.66 n.d. 
W 0.45-0.54 0.49 0.46 
4 
Figs 7.5b/7.8b 
P 0.68-0.76- 0.66 n.d. 
W 0.37-0.48 0.40 0.40 
   n.d. = not determined 
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Figure 7.1 Schematic diagram showing incorporation and migration of phosphorus and 
tungsten species during anodizing in neutral phosphate solution. 
 
 
 
 
 
Figure 7.2 Schematic diagrams of aluminium specimens with an incorporated Al-W 
layer: (a) Type 1, with two Cr3+-containing oxide layers; (b) Types 2 and 3, with two 
chromium-free oxide layers. (The thickness of the sputtering-deposited aluminium of 
Types 1 and 2 were adjusted by anodizing/film stripping).  
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Figure 7.3 Voltage-time response of type 2 specimen anodized to 122 V at 5 mA cm-2 in 
0.4 M phosphate solution at room temperature. 
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Figure 7.4 GDOES elemental profiles of anodic films formed on Cr3+-containing, type 1 
specimens (Fig. 7.2a) in neutral phosphate solution. Al-W alloy layers were buried prior 
to anodizing depths of (a) ∼34 nm and (b) ∼6 nm. 
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Figure 7.5 GDOES elemental profiles of anodic films formed on Cr3+-free, type 2 
specimens (Fig. 7.2b) in neutral phosphate solution. Al-W alloy layers were buried prior 
to anodizing at depths of (a) ∼27 nm and (b) ∼18 nm. 
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Figure 7.6 GDOES elemental profile of an anodic film formed on electropolished 
aluminium in neutral phosphate solution. 
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Figure 7.7 Transmission electron micrographs of ultramicrotomed cross-sections of 
anodic films formed on Cr3+-containing, type 1 specimens (Fig. 7.2a) in neutral 
phosphate solution. Al-W alloy layers were buried prior to anodizing at depths of (a) ∼34 
nm and (b) ∼6 nm. 
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100 nm 
(b) 
100 nm 
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Figure 7.8 Transmission electron micrographs of ultramicrotomed cross-sections of 
anodic films formed on Cr3+-free, Type 2 specimens (Fig. 7.2b) in neutral phosphate 
solution. Al-W alloy layers were buried prior to anodizing at depths of (a) ∼27 nm and (b) 
∼18 nm.  
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100 nm 
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100 nm 
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Figure 7.9 (a) Transmission electron micrograph of ultramicrotomed cross section of a 
sputtering deposited aluminium incorporated with tungsten layer following anodizing at 
5 mA cm-2 in 0.4 M phosphoric acid at 20 °C for 207 s; (b) the EDX line profile scanned 
across the marked line in (a). 
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Figure 7.10 (a) Transmission electron micrograph of ultramicrotomed cross section of a 
sputtering deposited aluminium incorporated with tungsten layer following anodizing at 
5 mA cm-2 in 0.4 M phosphoric acid at 20 °C for 235 s; (b) the EDX line profile scanned 
across the marked line in (a). 
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Figure 7.11 (a) Transmission electron micrograph of an ultramicrotomed cross-section of 
electropolished aluminium following anodizing at 5 mA cm-2 in 0.4 M phosphoric acid at 
20 °C for 240 s; (b) the EDX line profile scanned across the marked line in (a); (c) after 
exposure of the ultramicrotmed section to the electron beam for 15 min. 
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Chapter 8 
General Conclusions and Future Work 
A tungsten tracer method has been utilised to determine the influences of current density 
and electrolyte temperature on the formation processes and growth mechanism of PAA 
films, and the interaction between migrating tungsten and phosphorus species within 
anodic alumina films. Based on observations of the morphologies of the PAA films and 
the distributions of the tungsten tracer species within the films, and determination of the 
amounts of tungsten, aluminium and incorporated electrolyte species in the films, final 
conclusions in relation to the formation mechanisms of porous anodic films on 
aluminium are given in the following sections. Afterwards, suggestions for future work 
are presented. 
8.1 General Summary and Conclusions 
• Under the same anodizing conditions, the morphological parameters (pore 
diameter at the film surface and the pore diameter/steady voltage ratio) for anodic 
films formed on sputtering-deposited aluminium containing Al-W alloy layers are 
closely similar to those formed on electropolished aluminium. The presence of the 
Al-W alloy nanolayers, with concentrations of tungsten ~17-25% atomic percent, 
has little influence on the cell dimensions and morphologies of the porous films 
formed in sulphuric, oxalic and phosphoric acids. 
• The pore diameter/steady voltage ratios for anodizing of both sputtering-deposited 
aluminium and electropolished aluminium at 5 mA cm-2 and 25 °C are ~0.5 nm V-1, 
independent of the type of selected electrolyte (0.4 M sulphuric, oxalic and 
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phosphoric acids). The ratios are less than the typical value of ~1.2-1.3 nm V-1 for 
the steady-state PAA films formed in phosphoric acid under similar anodizing 
conditions, which is due to that the pores developed in the present study were not 
in the final steady state since most films were formed in much shorter times of 
less than 5 min. Besides, the pores were only measured at the film surface and 
they were actually smaller than those close to the pore base. 
• The efficiencies of growth of PAA films, formed during anodizing at 5 mA cm-2 
in the three major forming acids at 25 °C, are ~60%, due to ejection of the 
outwardly migrating Al3+ ions at the film/electrolyte interface and only the inward 
migration of O2- ions contributes to formation of the anodic films at the film/metal 
interface. The pores are developed due to flow of alumina from beneath the pore 
base regions toward the cell walls, which is indicated by distortion of the 
incorporated Al-W alloy tracer layers and retention of tungsten species within the 
anodic films. 
• Current density has an exponential relationship with the electric field on the 
barrier layer of PAA films and, consequently, it has a significant influence on the 
growth processes of the films. Porous films formed at the low range of current 
densities (<2 mA cm-2) develop by a field-assisted dissolution mode, with 
significant losses of aluminium and tungsten species, reduced expansion factors of 
less than ~1.2. Conversely, films formed at current densities ≤?2 mA cm-2 grow 
by a flow mechanism: flow of film material transports the tungsten tracer species 
from the barrier layer regions to the cell walls, resulting in retention of the 
tungsten and development of relatively thicker films. For porous films formed by 
the flow mechanism at the relatively high range of current densities (≤?5 mA 
cm-2 ), tungsten tracer species remain mainly within the inner cell region of the 
films, at depths of ~40-50% of the thickness of the barrier layer and cell wall, with 
a tungsten-free region being present next to the pore base and pore wall. The 
efficiency of film growth increases from ~0.29 to ~0.73 with increase of current 
density from 0.5 to 30 mA cm-2 and from ~0.26 to ~0.88 with increasing current 
density between 0.5 and 50 mA cm-2 for anodizing in sulphuric and oxalic acids 
respectively. 
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• Compared to the influence of current density, electrolyte temperature has a small 
influence on the morphology of PAA films and the anodizing efficiency of the 
film formation. The steady voltage during anodizing at constant current density 
progressively increases with decrease of electrolyte temperature, resulting in 
slightly increased pore diameter. The anodizing efficiency slightly increases from 
~0.67 to ~0.74 with decrease of electrolyte temperature between 20 and 1 °C for 
anodizing at 15 mA cm-2 in 0.4 M oxalic acid. Increase of electrolyte temperature 
results in a reduced electric field which, accordingly, may induces an increase of 
the transport number of Al3+ ions and thus increased field-assisted ejection of Al3+ 
ions into the electrolyte. The efficiency of the film growth at 40 °C (~0.4) is much 
lower than the previous values, which is possibly associated with significantly 
reduced real current density due to an effective expansion of the exposed 
specimen area following penetration of the electrolyte beneath the masking 
lacquer. The increase in anodizing efficiency with decrease of electrolyte 
temperature leads to formation of relatively thicker films at lower temperatures, 
with the film expansion factor increasing from ~1.32 to ~1.43 with decrease of 
temperature between 20 and 1 °C. 
• During anodizing of the carefully designed aluminium substrates containing an 
Al-W alloy nanolayer in neutral phosphate solution or phosphoric acid, 
phosphorus migrates inward from the film/electrolyte interface and the 
incorporated tungsten tracers migrate outward simultaneously. Under the selected 
conditions of anodizing, at a constant current density of 5 mA cm-2, barrier anodic 
alumina films and the barrier layers of porous films consist of a 
phosphorus-containing outer region and a phosphorus-free inner region. The 
phosphorus-containing region accounts for ~0.67 of the barrier films and the 
~0.80 of the barrier layer of the porous films. Further, the distributions of 
phosphorus are not significantly affected by the incorporation of the nanolayer of 
tungsten tracer species into the films; the tungsten tracers can migrate into the 
phosphorus-containing regions, with little influence of the phosphorus species. 
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8.2 Suggestions to Future Work 
• Observation of the morphology of PAA films is limited by the nanometre scale of 
the pore and cell sizes, the distortion of the film caused by ultramicrotome 
sectioning, and that scanning and transmission electron microscopies can only 
provide images of PAA films in two dimensions. Further investigation on the 
morphology of PAA films can be improved by employing 3-dimensional 
transmission electron microscopy (3D-TEM) in which a 3D image of the pore in 
anodic film is reconstructed from a series of (2D) TEM images by an auxiliary 
computer program. Additionally, 3D high resolution scanning electron 
microscopy (3D-SEM) has been employed for in-situ observation of the cross 
section of the block of a porous film sample, which can be conveniently sectioned 
by an ultramicrotome located inside the SEM. With the help of 3D electron 
tomography (3D-TEM and 3D-SEM), revelation of the 3D morphology of the 
pores of various sizes in anodic films will be fulfilled, and observation of the 
distribution of incorporated tracer species within the films will be enhanced, 
which will assist more precise modelling of the growth mechanism of the PPA 
film. The advance of 3D electron tomography will definitely bring a breakthrough 
in the characterization of porous anodic films on aluminium, titanium and other 
metals. 
• Growth of PAA films occurs when fresh film material is formed only by inward 
migration of O2- ions, which corresponds to an efficiency of ~60% for anodizing 
at 5 mA cm-2 in the major forming acids at room temperature. However, in the 
present study, reduced losses of aluminium were found and the efficiencies of 
film growth exceed 60% for anodizing at higher current densities and lower 
temperatures. It is suggested that higher efficiencies are due to reduced transport 
numbers of Al3+ ions and consequently reduced field-assisted ejection of Al3+ ions 
during film formation at higher current densities and temperatures <20 °C. The 
relationships between the transport number of Al3+ ions and the efficiency of PAA 
film growth for anodizing at various conditions, e.g. electrolyte type, temperature, 
current density and voltage, need further detailed investigation. 
Chapter 8 General Conclusions and Future Work 
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• In order to elucidate the flow mechanism of PAA film growth more precisely, the 
electric field and stress distributions in the barrier layer of PAA films need to be 
quantitatively determined and understood. The experimental results of the losses 
of aluminium and tungsten during anodizing at the low range of current densities 
(<2 mA cm-2) and severe distortion of tungsten tracer layers within the porous 
films at current densities ≤?2 mA cm-2 may assist establishing computational 
simulations based on the stress and potential distributions in the anodic films and 
understanding the development of steady-state pore arrays. 
• In this study, only tungsten tracers were employed to study the growth mechanism 
of PAA films. Other tracer elements, such as hafnium, molybdenum, neodymium, 
gold etc., can also be employed. The ions of these tracer species have different 
migration rates with respect to that of Al3+ ions, which result in different amounts 
and distributions of the tracer species in the PAA films. The different behaviour of 
the tracer species may assist modelling the growth processes of the PAA films and 
explaining the effect of flow of the alumina within the barrier layer on the 
transport of the tracer species. 
• Burning phenomenon often occurred in sulphuric and phosphoric acids during 
anodizing at relatively high current densities at room temperature. This results in 
the local film thickening and microcracks at local film regions. Joule heating 
effects, electron avalanching and dielectric breakdown were considered to cause 
burning during growth of PAA films. However, burning phenomenon seldom 
occurred in oxalic acid under similar anodizing conditions. Factors influencing 
burning of PAA films include current density, electrolyte temperature, amount of 
electrolyte anions incorporated and agitation rate of the electrolyte during 
anodizing. These factors and the conditions for anodizing in different electrolyte 
solutions need to be further considered and examined to improve developing PAA 
films as we desired for various applications. 
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Porous anodic alumina films have been much studied recently due to interest in the application of the self-ordered porosity in
nanotechnological systems. Experimental investigationshave identifiedanodising regimes thatgenerateporeswitha relatively
high degree of long-range order. However, the growthmechanism of the films, and its relation to the ordering of pores, is only
partially understood. In the presentwork, the growth processes are studied over a range of current densities for films formed in
oxalic acid. The films are formed on sputtering-deposited substrates containing tungsten nanolayers that provide W6+ tracer
species in the films. Thedistributions of tracer species are observed by scanning and transmission electronmicroscopes and the
amounts of tracer species quantified by Rutherford backscattering spectroscopy. It is shown that the tungsten tracer remains
within an inner region of the cells, with a tungsten-free region being present next to the pore walls during the growth of the
anodic films. Further, the thickness of the anodic film relative to that of oxidisedmetal increaseswith increasing current density,
which is associatedwith an increase in the efficiency of film formation. This behaviour is consistent with the formation of pores
by flow of filmmaterial in the barrier layer to the pore wall regions. Copyright c© 2010 JohnWiley & Sons, Ltd.
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Introduction
Porous anodic filmsarewidelyused in theprotectionof aluminium
alloys against corrosion and wear, and as a base for organic
coatings.[1] In order to produce the films, anodising is usually
carried out in acid electrolytes, such as phosphoric or sulphuric
acid. The films consist of self-organising cells of amorphous anodic
alumina, each with a central, approximately linear pore. The cells
are commonly hexagonal in cross section and, under appropriate
conditions of formation, the pores develop long-range order.[2]
For practical applications, the films are often formed to a thickness
of ∼10 µm. A thin barrier layer of anodic alumina is present at
the base of the cells, separating the electrolyte from the metal.
The thickness of the barrier layer and the diameter of the pores
are controlled by the anodising voltage, with a typical ratio of
∼1 nm V−1. The distance between the pores is dependent on
the anodising voltage, with a proportionality of∼2.5–2.8 nm V−1.
The anodising voltage is strongly influenced by the composition
of the electrolyte, for instance typical values for phosphoric and
sulphuric acids are ∼15 and 110 V, respectively. It is also affected
by other anodising parameters, such as pH and temperature of
the electrolyte.
The anodising voltage establishes a high electric field across the
barrier layer, which results in the migration of Al3+ and O2− ions.
The inward migration of O2− ions leads to the growth of alumina
at the metal/film interface.[3,4] Al3+ ions migrate toward the pore
base where they are ejected to the electrolyte.[5] Simultaneously,
anions of the electrolyte are incorporated into the films at the pore
base. These anions migrate inward more slowly than O2− ions.
Consequently, a layer of each cell, adjacent to the pore, contains
the incorporated anion species, while the remainder of the cell is
composed of relatively pure alumina.[6]
The formation of the pores has usually been attributed to
rapid, thermally assisted dissolution of the alumina enhanced
by the high electric field at the pore base. In comparison, the
dissolution of the alumina at regions of low electric field is
often relatively negligible. However, more recently, evidence has
been presented that suggests that the pores result from field-
assisted plasticity of the alumina which, combined with growth
stresses, enables the flow of the alumina from beneath the pore
base regions of the barrier layer toward the cell walls.[7–10] The
main evidence has been derived from the observations of the
behaviour of tungsten tracer species introduced into the film
from the aluminium substrate. In the present study, the use of
the tracer method is extended to investigate the influence of the
rate of film growth on the formation of the film. The rate of film
growth is controlled by the ionic current density in the barrier
layer according to the high-field ionic conduction model, which
predicts an exponential dependence of the ionic current on the
electric field. The electric field may be expected to affect the
viscosity of the film and the stresses within the film, thus possibly
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influencing the behaviour of the tungsten tracer within the barrier
layer. Oxalic acid is selected for anodising, which has previously
been shown to result in pore formation consistent with the flow
model.[11]
Experimental
Specimen preparation
Substrates, of dimensions 3 × 2 × 0.02 cm, were prepared from
99.99% aluminium foil, then electropolished at 20 V for 180 s in
perchloric acid/ethanol (1/4 by vol.) at 278 K, rinsed in ethanol
and deionised water and dried in cool air. A 180-nm-thick barrier
anodic film was subsequently formed on the electropolished
substrates by anodising to 150 Vat 5 mA cm−2 in 0.1M ammonium
pentaborate electrolyte at room temperature. The substrates
were then attached to a circular copper table in an Atom Tech
sputtering-deposition facility. The table rotated beneath 50-mm-
diameter targets of 99.999% aluminium and 99.95% tungsten.
The sputtering chamber was evacuated to 3.0 × 10−5 Pa, with
subsequent sputtering deposition in 99.999% argon at 0.5 Pa. The
aluminium target was operated continuously to deposit∼400 nm
of aluminium. The tungsten target was operated intermittently
to generate seven equally spaced layers of Al–W alloy within
the aluminium. Each layer was ∼5 nm thick, with a separation of
∼45 nm. The outermost Al–W alloy layer was located at a depth
of ∼45 nm. The substrates were removed from the sputtering
chamber and masked with lacquer to define a working area of
2 cm2. They were then anodised for selected times at constant
current densities in the range of 5–50 mA cm−2 in 0.4 M oxalic
acid at 293 K. The voltage–time response was recorded during
anodising of each specimen. After anodising, the specimens were
removed immediately from the electrolyte, rinsed in deionised
water and dried in cool air.
Specimen examination
The specimens were examined by transmission electron mi-
croscopy (TEM) in a JEOL FX 2000II instrument using electron-
transparent sections prepared by ultramicrotomy with a diamond
knife. The microscope was operated at an accelerating voltage of
120 kV. The sections were cut at 90◦ to the plane of the aluminium
substrate. Ultramicrotomed specimens were also examined by
scanning electron microscopy (SEM), using a Zeiss Ultra 55 instru-
ment, with observation of the cut block. The accelerating voltage
was 1.5 kV. The compositions of deposited layers and anodic films
were determined by Rutherford Backscattering Spectroscopy
(RBS) using ion beams supplied by the Van de Graaff accelera-
tor of the University of Paris. For RBS, 1.7 MeV He+ ions were
incident normal to the specimen surface, with scattered ions de-
tected at 165◦ to the direction of the incident beam. Data were
interpreted by the RUMP program.
Results
The voltage–time responses, shown in Fig. 1, for anodising the
specimens were of the usual form for the formation of a porous
anodic film on an aluminium substrate containing Al–W alloy
nanolayers. The initial, approximately linear voltage rise corre-
spondstothethickeningofabarrier layerandthe initiationofpores
in the non-uniform stage of film development. The subsequent
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Figure 1. Voltage–time responses for sputtering-deposited aluminium,
with incorporated tungsten tracer layers, anodised in 0.4 M oxalic acid at
various current densities at 293 K.
plateau indicates the establishment of regular porous anodic film
growth, with the plateau voltage increasing with increase of cur-
rent density. Superimposed transient increases in voltage, most
easily observed at 5 mA cm−2, indicate the oxidation of the Al–W
alloy nanolayers. The commencement of the oxidation of each
nanolayer results in an increase in voltage.[8] The voltage later de-
clines as the tungsten species leave the barrier region of the film
and they become incorporated into the porous film region. The
increases in voltage may be related to change in the electric field
within thebarrier layerdue to thepresenceof the tungstenspecies,
which leads to transientmodificationsof thebarrier layer thickness
and pore dimension. The final rise in voltage occurs when the de-
posited aluminium and Al–W alloy layers are completely oxidised.
A transmission electronmicrograph of an ultramicrotomed sec-
tion of the porous film formed at 50 mA cm−2 reveals the tungsten
tracer species in a sequence of dark bands within the films, due
to atomic number contrast changes (Fig. 2). The film was formed
by oxidation of six Al–W alloy nanolayers. The tungsten species
located in the porous region of the film are restricted to a cell
layer adjacent to the cell boundary; they appear to be absent
from the cell layer lining the pore wall. The thickness of the latter
layer is about 50% of the thickness of the cell wall. The tungsten
distribution reveals a peak toward themiddle of the cell wall and a
tail toward the cell boundary. The presence of fine dark lines at the
cell boundaries suggests that some tungsten may reside in this
region. There is also a tail of tungsten that defines the boundary
with the tungsten-free cell layer. A backscattered electron image
of a cross section of a film formed at 50 mA cm−2, revealing the
locations of tungsten as light regions, confirms the findings of TEM
(Fig. 3(a)). The particular specimen was anodised for a time suffi-
cient to oxidise five of the Al–W alloy nanolayers. When traversing
thebarrier layer of the film, the tungsten is distributed in aU shape,
with the outer part of the barrier layer remaining tungsten-free.
The distribution of tungsten is broadly similar in the film formed at
5 mA cm−2 by oxidation of four Al–W alloy nanolayers (Fig. 3(b)).
An outer cell region that is free of tungsten is evident in the film
revealing a reduced pore size and cell size compared with that at
50 mA cm−2 due to the lower anodising voltage.
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Figure 2. Transmission electron micrograph of ultramicrotomed sections
of porous anodic alumina with incorporated tungsten layers following
anodising at 50 mA cm−2 in 0.4 M oxalic acid at 293 K.
Comparison of sections of the initial, non-anodised substrate
and of films formed at 5, 15, 30 and 50 mA cm−2 to fully oxidise
all the sputtering-deposited substrate shows that the thickness
of the anodic films exceeds that of the oxidised substrate (Fig. 4).
Further, the film thickness increases with increase of the current
density, suggesting an increase in the efficiency of film growth.
Flow of the film material has been suggested to contribute to
the film being much thicker than the oxidised aluminium.[8] The
ratio of the thickness of the anodic film relative to that of the
consumed aluminium rises from 1.23, 1.37, 1.46 to 1.61 between
current densities of 5, 15, 30 and 50 mA cm−2. RBS was used to
determine the amounts of tungsten in the specimens before and
afteranodisingandthenumbersofAl3+ andW6+ ions in theanodic
films. The numbers of ions are accurate to∼5%. A typical spectrum
and the fitting of the data are shown in Fig. 5, with the results of
all analyses presented in Table 1. The table also lists the charge
passed during anodising of each specimen, determined from the
timeof anodising and the current density applied. The efficiencyof
film growth is derived from the ratio of the charge due to the Al3+
andW6+ ions in the filmand the total passed charge. The efficiency
of film growth increases progressively with increase in the current
density, from∼0.65 to∼0.82with increasing current density from
5 to 50 mA cm−2. The aluminium contents of the films increase
with increase of current density, whereas the tungsten contents
are similar in all films. The amounts of tungsten present in the films
were similar to that present in the original sputtering-deposited
substrate, consistent with negligible losses of tungsten from the
films to the electrolyte.
(a) 100 nm (b) 100 nm
Figure 3. Scanning electron micrographs (backscattered electron) of ultramicrotomed sections of porous anodic alumina with incorporated tungsten
layers following anodising in 0.4 M oxalic acid at different current densities: (a) 50, (b) 5 mA cm−2 at 293 K.
(a) (b) (e) 200 nm(c) (d)
Figure 4. Transmission electron micrographs of ultramicrotomed sections of sputtering-deposited aluminium with incorporated tungsten tracer layers
(a) and following anodising in 0.4 M oxalic acid at different current densities: (b) 5, (c) 15, (d) 30 and (e) 50 mA cm−2 at 293 K.
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Figure 5. Experimental and simulated (solid line) RBS spectra for sputter-
ing-deposited aluminium, with incorporated tungsten tracer layers, after
anodising in 0.4 M oxalic acid at 5 mA cm−2.
Discussion
The distributions of tungsten in the films formed in oxalic acid are
consistent with previous observations of tungsten tracers, which
suggest that the porous films develop due to flow of filmmaterial
within the barrier layer.[8–11] The W6+ ions are incorporated into
the film when the barrier layer immediately beneath the pores
intercepts each layer of the Al–W alloy. TheW6+ ions migrate out-
ward in the barrier layer at a relatively slow rate, ∼30% of the rate
of Al3+ ions based on studies of planar barrier anodic films.[12,13] In
addition to the migration, the flow of the film transports the tung-
sten from beneath the pore toward the cell wall. Consequently,
tungsten is unable to reach the outer part of the barrier layer. In
contrast, faster migrating Al3+ ions migrate to the pore base and
are ejected to the electrolyte. The flow of the film is due to the
combination of field-assisted plasticity of the film material in the
high-field barrier region and stresses due to filmgrowth, including
the volume changes associated with the formation of fresh film
material and electrostriction.[7–9]
The existence of a uniform tungsten-free cell layer after
anodising suggests a significant influence of the flow on the
transport of the W6+ ions. Further, the proportion of the ionic
current that leads to the formation of alumina is increased by an
increase in thecurrentdensity,which isevident fromthe increasing
efficiency of film formation that is revealed by RBS analysis. The
increasing efficiency also correlates with an increased thickness
of the anodic film, which is evident from transmission electron
micrographs in Fig. 4. Thus, it appears that relatively fewer Al3+
ions are ejected from the film with increase of the current. The
possibility of the reduced thickness of the film at relatively low
current density being due to chemical dissolution of the film is
discounted, since chemical dissolution is negligible for the short
periods of anodising employed in the present experiments. In
addition, the correspondence between the anodising efficiency
and the thickness of the anodic film indicates that the increasing
thickness of the film with increase in current is not due to a
significant increase of porosity. The reduced ejection of Al3+ ions
possibly arises from a dependence of the relative values of the
transport numbers of Al3+ and O2− ions on the electric field, with
a greater proportion of the current being carried by O2− ions at
higher rates of film growth. Previous work also suggests that the
contribution of flow to the formation of pores in anodic alumina is
related to the incorporation of anion species into the film from the
electrolyte.[8,10,14] Films formedonaluminiuminoxalicacidcontain
oxalate ions in a cell layer adjacent to the pore that extends part
way through the barrier layer and cell wall.[6] The concentration of
oxalate anions and their distribution within the cell may be further
factors affected by the electric field. Since the pore base regions of
thepresent films are composedof tungsten-free anodic alumina, it
is not expected that the tungsten tracer will affect significantly the
incorporation of oxalate ions into the film. However, themigration
of oxalate ions may be transiently altered as they migrate within
tungsten-containing regions of the barrier layer.
Conclusions
1. The efficiency of growth of porous anodic films on aluminium
in oxalic acid is dependent upon the current density, with the
efficiency increasing from ∼65% to ∼82% between current
densities of 5 and 50 mA cm−2.
2. The increase in efficiencywith increase in current density leads
to formation of comparatively thicker films at higher current
densities.
3. Tungsten tracer species remainmainlywithin inner cell regions
of the porous film, with tungsten-free regions being present
next to the pore walls. The behaviour of the tungsten tracer
suggests a significant influence of flow on the transport of
tungsten species in the barrier layer during film growth over
the selected range of current densities.
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Table 1. Results from RBS analysis and transmission electron micrographs for specimens anodised in 0.4 M oxalic acid
Current
density (mA cm−2) Charge passed (C cm−2) W in oxide (atoms cm−2) Al in oxide (atoms cm−2) Anodising efficiency (%) Expansion ratio
5 1.23 4.48 × 1016 1.57 × 1018 65 1.23
15 1.13 4.47 × 1016 1.70 × 1018 76 1.37
30 1.14 4.42 × 1016 1.71 × 1018 76 1.46
50 1.10 4.60 × 1016 1.79 × 1018 82 1.61
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Al–W nanolayers have been used previously to investigate the mechanism of formation of porous anodic films on aluminum in
phosphoric acid. The present study considers the interactions of the tungsten tracer species and phosphorus species in the films and
the consequence to the transport of the tracer. The findings showed that phosphorus species migrate inward and pass through the
nanolayer of outwardly migrating tungsten species. Further, the migration behaviors indicated negligible influence of either species
on the migration of the other.
© 2010 The Electrochemical Society. DOI: 10.1149/1.3499218 All rights reserved.
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aAmorphous barrier-type films are formed by anodic polarization
f aluminum in suitable electrolytes. The films grow by field-
ssisted transport of Al3+ and O2− ions,1 with outward migrating
l3+ ions and inward migrating O2− ions forming fresh alumina at
he film/electrolyte and metal/film interfaces, respectively. At 100%
urrent efficiency of film growth, 40% and 60% of the film thick-
ess form at the respective interfaces with no loss of film species to
he electrolyte.2 Low concentrations of species derived from the
nions of the electrolyte are normally incorporated into the growing
lm. The migration behaviors of such species in the film can be
etermined from their movement relative to an immobile marker,
.g., ion-implanted xenon.3 The incorporated species reveal a range
f behaviors, including being immobile, migrating inward, or mi-
rating outward, depending upon the particular species.3 In contrast,
nly inward migrating species are present in porous anodic films,
ince new film material is formed primarily by inward migration of
2− ions.4,5
In the present work, interest lies in the migration of tungsten and
hosphorus species in relation to the use of tungsten species as
racers for investigating the generation of pores in alumina films
ormed in phosphoric acid.6 Studies of barrier films indicate that
ungsten species incorporated into a film either from an alloy sub-
trate or from the electrolyte migrate outward at between 0.3 and
.4 times the rate of Al3+ ions.7-10 In contrast, phosphorus species
ncorporated from a solution migrate inward at 0.51 times the rate
f O2− ions,11 with phosphorus species typically found within the
uter 0.7–0.8 of barrier films formed in phosphate electrolyte at
igh efficiency.12-15 In the case of the porous films, tungsten tracer
pecies enter the film at the metal/film interface originating from a
anolayer of Al–W alloy within a sputtering-deposited aluminum
ubstrate.6,16 Phosphorus species are incorporated into the film at the
ore base from the phosphoric acid. The outward transport of tung-
ten species toward the pore base is halted at the middle of the
arrier layer, which led to the suggestion that pores are generated by
ow of the film material of the barrier layer from beneath the pore
ases toward the pore walls. In the present study, consideration is
iven to the possibility that the interruption of the outward tungsten
ovement is due to an influence of the inwardly migrating phos-
horus species. The study follows the transport of tungsten tracers
ncorporated as nanolayers into barrier and porous films to show that
he outward transport of the tracer species is not impeded signifi-
antly by phosphorus species.
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Specimen preparation.— The three types of specimens used in
he study are shown in Fig. 1a-c. The substrates consisted of 99.99%
luminum that was electropolished at 20 V in perchloric acid/
thanol 1/4 by volume at 278 K for 3 min. Type 1 specimens were
hen anodized to form a 120 nm thick barrier film, which was then
tripped from the aluminum by immersion for 15 min in a solution
ontaining 20 g l−1 CrO3 and 35 mL l−1 H3PO4 at 60°C. The strip-
ing procedure resulted in the original barrier film being replaced by
thin alumina film containing Cr3+ and PO4
3− ions.11,17 The
nodizing/film stripping step was employed to provide a flatter sur-
ace than electropolishing.
A 6 nm thick layer of Al-20 atom % W alloy was then depos-
ted onto the differently treated substrates in an Atom Tech magne-
ron sputtering facility, with 50 mm diameter targets of 99.999%
luminum and 99.95% tungsten. The substrates were attached to a
otating copper table that remained below 298 K during sputtering.
he chamber was evacuated to 3  10–5 Pa, with deposition car-
ied out in 99.999% argon at 0.5 Pa. A layer of aluminum was then
eposited above the alloy. For type 1 and 2 specimens, a second
tage film stripping was performed to adjust the thickness of the
puttering-deposited aluminum; the stripping of type 2 specimens
as terminated just before the anodic film was removed completely,
uch that the residual oxide was chromium- and phosphorus-free,
hereas the anodic oxide was fully removed from type 1 specimens
o leave a residual oxide containing Cr3+ and PO4
3− ions. The thick-
esses of aluminum were selected to provide different extents of
verlap of the tungsten and phosphorus distributions in subsequently
ormed barrier films.
Type 1 and 2 specimens were finally anodized to 122 V at
mA cm−2 in an 0.4 M neutral phosphate solution prepared by
dding 60% H3PO4 to 0.4 M Na3PO4 solution at room temperature
o form barrier films. Reference specimens of electropolished alumi-
um were anodized to 100 V at 5 mA cm−2 in the same solution.
ype 3 specimens were anodized at 5 mA cm−2 in 0.4 M phosphoric
cid at room temperature, for either 207 or 235 s, to form porous
lms. Electropolished aluminum specimens were also anodized at
mA cm−2 in the same electrolyte for 240 s. Between all stages of
he specimen preparation, specimens were rinsed in deionized water
nd then dried in cool air.
Figure 1d shows the voltage–time response representative of type
and 2 specimens anodized in the phosphate electrolyte from which
he depth of the Al–W alloy layer was determined. An inflection
eparates the linear regions due to anodizing of first the deposited
luminum and second the bulk aluminum. The inflection is due to
nodizing of the Al–W alloy layer, followed by a voltage surge due
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Do the 2–3 nm thick, residual oxide on the bulk aluminum. The
atter should result in a voltage step of 1.5–2.5 V on a perfectly
at and uniform specimen. The voltage, VW, corresponding to the
idthickness of the Al–W alloy layer was determined by subtracting
he contribution of the oxide, estimated from the intercept of the
xperimental response with a line lying parallel to, but 2.5 V below,
hat for oxidation of the bulk aluminum. The voltage was then con-
erted to a thickness of metal using a formation ratio and a Pilling–
edworth ratio PBR for the oxide of 1.2 nm V−1 and 1.65, respec-
ively. The formation ratio is consistent with the experimental values
etermined in the present study, while the PBR is consistent for
morphous anodic alumina of density 3.1 g cm−3.18
Specimen examination.— Electron-transparent cross-sections of
nodized specimens, nominally 15 nm thick, were prepared by ul-
ramicrotomy with a diamond knife and examined by transmission
lectron microscopy TEM in either a JEOL FX 2000II instrument
perated at 120 kV or a TECNAI F30 instrument at 300 kV, with a
atan imaging filter GIF2001 and a SiLi detector with a super-
ltrathin window for energy-dispersive X-ray EDX analysis. The
robe size during EDX line profiling was 1 nm.
A GD-Profiler 2 Horiba Jobin Yvon, operating in the radio fre-
uency mode at 13.56 MHz, was used for glow discharge optical
mission spectroscopy GDOES elemental depth profiling of the
pecimens anodized in the phosphate solution. A 4 mm diameter
opper anode was employed. The emission responses from the ex-
ited sputtered elements were detected with a polychromator of fo-
al length of 500 mm with 30 optical windows. The barrier anodic
lms were sputtered in an argon plasma at a pressure of 700 Pa and
ower of 35 W, with a data acquisition time of 0.005 s. The emis-
ion lines nanometer used for the analyses were 130.21 for oxy-
en, 178.28 for phosphorus, 429.46 for tungsten, and 425.433 for
Al-W
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(d)hromium. Prior to profiling, presputtering of a sacrificial silicon r
ownloaded 12 Nov 2010 to 130.88.117.147. Redistribution subject to Eafer was undertaken at the power and pressure used for depth
rofiling to provide a clean plasma source and to stabilize the
lasma at the commencement of depth profiling.19
Results and Discussion
Analysis of barrier films by glow discharge optical emission
pectroscopy.— Figure 2 shows GDOES elemental depth profiles
or barrier anodic films on Cr3+-containing, type 1 specimens anod-
zed to 122 V at 5 mA cm−2 in 0.4 M neutral phosphate electrolyte,
evealing the distributions of oxygen, chromium, phosphorus, and
ungsten species. The profiles of Fig. 2a result from anodizing a
pecimen with the midthickness of the Al–W alloy layer at a depth
f 34 nm. The oxygen signal identifies the region of the anodic
xide, with the metal/film interface readily defined as the half height
f the falling edge of the oxygen signal at 6.3 s as indicated by a
ashed line. The signal from tungsten shows a peak at 3.7 s, with
he ratio of the sputtering times to reach the tungsten peak and the
etal/film interface being 0.59  0.03. Two peaks are evident in the
hromium signal, one close to the film surface, at 0.6 s, and the
ther adjacent to the tungsten peak, at 3.7 s; the peaks arise from
he residual oxides of the two film stripping procedures. The inset in
ig. 2a shows the aluminum profile, which shows a relatively uni-
orm distribution of aluminum in the film apart from a decreased
ntensity in the vicinity of the tungsten peak. A large increase in
ntensity, corresponding to the metal/film interface, coincides with
he fall in intensity of the oxygen signal. Similar trends in the alu-
inum signal were evident for all of the specimens that were ana-
yzed by GDOES. Phosphorus is present in the outer region of the
lm and includes peaks at 3.8 and 5.3 s. The first peak is close to
he tungsten peak and represents either a change in concentration
nd/or sputtering rate in the tungsten-containing region. Of possible
r
Sputtered Al
Al2O3
Al2O3
Al substrate
(c)
50
Figure 1. Color online Schematic dia-
grams of aluminum specimens with an in-
corporated Al–W layer: a type 1, with
two Cr3+-containing oxide layers; b,c
types 2 and 3, with two chromium-free
oxide layers. The thickness of the
sputtering-deposited aluminum of types 1
and 2 were adjusted by anodizing/film
stripping. d Voltage-time response of
type 2 specimen anodized to 122 V at
5 mA cm−2 in 0.4 M phosphate solution at
20°C.layeelevance, previous work has shown that the presence of tungsten
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Dncreases the sputtering rate of anodic alumina.20 The second peak is
ue to the phosphorus species incorporated into the residual oxide
eft by the stripping solution used to flatten the electropolished alu-
inum. Between the two peaks, the boundary of the film region
ontaining phosphorus species derived from the anodizing electro-
yte is evident by a decreasing phosphorus signal. A dashed line
hows the boundary location, with a ratio of 0.70  0.03 for the
puttering times to reach the boundary and metal/film interface. The
hosphorus peak at the beginning of sputtering possibly arises from
bsorbed phosphate ions from the electrolyte.
Figure 2b shows the GDOES elemental profiles for a barrier film
ormed on a type 1 specimen with the Al–W alloy layer buried at a
epth of 6 nm. The falling edge of the oxygen signal indicates that
he metal/film interface is reached at 5.8 s, which is 0.7 s less than
hat for the previous specimen. The ratio of the times to sputter to
he tungsten peak   2.1 s and the metal/film interface is
0.36  0.03, which is less than that for the previous specimen
ainly due to the reduced initial thickness of aluminum above the
l–W alloy layer. The chromium signal for this specimen, which
ppears to consist of overlapping peaks, is considered later. The
alling edges and peaks in the profiles are broader than those in Fig
a due to an increasing nonuniformity of the film that is evident in
ater transmission electron micrographs. As a consequence, the peak
ue to the phosphorus derived from the stripping solution is not
esolved from the signal due to the phosphorus incorporated from
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igure 2. Color online GDOES elemental profiles of anodic films formed
n Cr3+-containing, type 1 specimens Fig. 1a in neutral phosphate solution.
l–W alloy layers were buried prior to anodizing at depths of a 34 and
b 6 nm.he anodizing electrolyte. However, the phosphorus derived from the c
ownloaded 12 Nov 2010 to 130.88.117.147. Redistribution subject to Electrolyte is clearly distributed in an outer region of the film, with
relative thickness similar to that of the previous specimen. The
hosphorus signal reveals a peak coincident with the tungsten peak,
s observed previously in Fig. 2a.
GDOES elemental profiles of barrier films produced on Cr3+-free
ype 2 specimens are shown in Fig. 3a and b, with respective depths
f Al–W alloy of 27 and 18 nm. The times to sputter to the metal/
lm interfaces are 6.8 s for both the films, with ratios of times to
each the tungsten peak and the metal/film interface of 0.49  0.02
nd 0.40  0.02, respectively. The corresponding ratios for the
hosphorus-containing region are similar, 0.66  0.03. For com-
arison, a GDOES profile is shown in Fig. 4 for electropolished
luminum anodized to 100 V at 5 mA cm−2 in the phosphate solu-
ion. The ratio of times to sputtering through the phosphorus-
ontaining region and the whole film is 0.69  0.03, which is simi-
ar to the ratio determined for the chromium-free specimens with the
ungsten tracer. The undulations in the plateau region of the phos-
horus signal are due to optical interference, which also affected the
revious specimens.
Observation of barrier films by transmission electron micros-
opy.— Figure 5 shows transmission electron micrographs of ultra-
icrotomed cross-sections of chromium-containing, type 1 speci-
ens corresponding to the GDOES profiles of Fig. 2a and b, respec-
ively. The anodic films are 147  5 and 145  5 nm thick,
ndicating an average formation ratio of 1.20 nm V−1, which is
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igure 3. Color online GDOES elemental profiles of anodic films formed
n Cr3+-free, type 2 specimens Fig. 1b in neutral phosphate solution. Al–W
lloy layers were buried prior to anodizing at depths of a 27 and b
18 nm.lose to the expected value for formation of amorphous anodic alu-
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Dina in phosphate electrolyte.15 The tungsten tracer layer is clearly
evealed as a dark band of thickness 14  5 nm compared with the
riginal thickness of 6 nm. The ratios of the depth to the middle
f the tracer layer and the total film thickness are 0.53  0.02 and
.35  0.02 for the anodic films of Fig. 5a and b, respectively.
hese values are in reasonable agreement with the ratios of sputter-
ng times for the same regions from GDOES, 0.59  0.03 and
.36  0.03, respectively. Small void-like features of 2–4 nm diam-
ter, which are bubbles of oxygen generated within the tungsten
ayer as considered later in discussing the effect of chromium spe-
ies, are evident within the tungsten layer of Fig. 5a. The bubbles
re of larger size in Fig. 5b and are mainly located just beneath the
ungsten layer, which is of more irregular shape. Unlike tungsten,
hromium is not revealed directly in Fig. 5 due to its relatively low
tomic number and concentration, and overlap with tungsten.
Figures 6a and b show transmission electron micrographs of ul-
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igure 4. Color online GDOES elemental profile of an anodic film formed
n electropolished aluminum in neutral phosphate solution.
(a)
100 nm
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(a)
100 nm
(b)ownloaded 12 Nov 2010 to 130.88.117.147. Redistribution subject to Eramicrotomed cross-sections of the chromium-free, type 2 speci-
ens, corresponding to the GDOES profiles of Fig. 3a and b, re-
pectively. The thicknesses of the anodic films are 141  5 and
48  5 nm, respectively, with an average formation ratio of
1.18 nm V−1 that is similar to the value for the films of Fig. 5. The
ungsten layers in the films are relatively uniform, with a thickness
f 13  5 nm, and free of oxygen bubbles. The depth ratios of the
ayers are 0.46  0.02 and 0.40  0.02, respectively, close to the
alues of 0.49  0.02 and 0.40  0.02 from the sputtering times in
DOES. The micrographs of Fig. 5 and 6 indicate that type 2 speci-
ens are preferable to type 1 specimens for studying the transport of
ungsten species by GDOES, since any benefit from flattening the
lectropolished aluminum by film stripping is outweighed by the
onuniformity introduced into the film by the oxygen bubbles.
During film formation, phosphorus species migrate beyond the
ungsten tracer, as evident in the GDOES profiles of Fig. 2 and 3.
he depths of the tungsten layer within the films measured by
DOES and TEM are in reasonably good agreement Table I, in-
icating that the sputtering rate is relatively constant during profil-
ng. According to GDOES Fig. 2-4, phosphorus is present within
he outer 0.68 of the films. The findings are in good agreement
ith previously reported phosphorus distributions in anodic alumina
ormed in phosphate electrolytes11-14 and show no significant influ-
nce of either tungsten or chromium species Table I. However, an
arlier study found that phosphorus was present only in the outer
0.5 of films formed on an Al-15 atom % W alloy,20 which sug-
ested a reduced migration rate. Thus, the migration of phosphate
ons may be transiently slowed in the present films during their
assage through the tungsten-containing region.
In order to assess the influence of the phosphorus species on the
igration of the tungsten species, the relative depth of the tungsten
pecies, dw depth/film thickness, was calculated from the thickness
f oxidized aluminum and Al–W alloy measured to the middle of
he Al–W layer, the transport number of Al3+, tAl
+ assumed to be in
he range 0.35–0.5,2,10,21-23 and the migration rate of W6+ ions with
espect to Al3+ ions, mW assumed to be in the range 0.3–0.4,7-10
sing the relationship
100 nm
Figure 5. Transmission electron micro-
graphs of ultramicrotomed cross sections
of anodic films formed on
Cr3+-containing, type 1 specimens Fig.
1a in neutral phosphate solution. Al–W
alloy layers were buried prior to anodizing
at depths of a 34 and b 6 nm. The
inset in a shows the tungsten band at in-
creased magnification to reveal fine oxy-
gen bubbles.
100 nm
Figure 6. Transmission electron micro-
graphs of ultramicrotomed cross sections
of anodic films formed on Cr3+-free, type
2 specimens Fig. 1b in neutral phosphate
solution. Al–W alloy layers were buried
prior to anodizing at depths of a 27
and b 18 nm.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Ddw = VW + tAl
+ 1 − mWVf − VW/Vf
n which VW is the estimated voltage at the mid-thickness of the
l–W layer and Vf is the final voltage Fig. 1d. Table I shows that
Table I. Comparison of measured locations of phosphorus, tung-
sten, and chromium with predicted locations based on the as-
sumption of respective relative migration rates of 0.51, 0.30 to
0.40, and 0.74, with a transport number of Al3+ in the range 0.35
to 0.50.
Specimen Species
Predicted
location
Measured location
GDOES TEM
Type 1
Cr3+-
containing
1
Fig. 2a/5a
P 0.68-0.76 0.70 n.d.a
W 0.51-0.60 0.59 0.53
Crouter 0.09-0.13 0.08 n.d.
Crinner 0.50-0.52 0.59 n.d.
2
Fig. 2b/5b
P 0.68-0.76 n.d. n.d.
W 0.26-0.39 0.36 0.35
Crouter 0.09-0.13 0.09 n.d.
Crinner 0.22-0.24 0.43 n.d.
Type 2
Cr3+-free
3
Fig. 3a/6a
P 0.68-0.76 0.66 n.d.
W 0.45-0.54 0.49 0.46
4
Fig. 3b/6b
P 0.68-0.76 0.66 n.d.
W 0.37-0.48 0.40 0.40
a
n.d. = not determined.
100 nm
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(c)ownloaded 12 Nov 2010 to 130.88.117.147. Redistribution subject to Ehe calculated positions agree reasonably with the measured posi-
ions by GDOES and TEM, considering the uncertainty in the values
f transport number of Al3+ ions, migration rate of W6+ ions, and the
hickness of the oxidized aluminum layers. Assuming a transport
umber of 0.4 for Al3+ ions, the calculated relative migration rates
f W6+ ions derived from the locations of tungsten measured by
EM were 0.40, 0.23, 0.43, and 0.37 for specimens 1–4 Table I,
espectively, with an average of 0.36.
Observation of porous films by transmission electron micros-
opy.— Transmission electron micrographs of ultramicrotomed
ross-sections of type 3 specimens with the Al–W alloy buried at a
epth of 300 nm anodized at 5 mA cm−2 in 0.4 M phosphoric
cid for 207 and 235 s to form porous anodic films are shown in Fig.
a and b, respectively. The micrographs show relatively deep major
ores and finer pores near the film surface, which are incipient pores
rom the initial stages of anodizing. The barrier layer in Fig. 7a is
144 nm thick, with the final anodizing voltage of 131 V indicating
formation ratio of 1.10 nm V−1. The tungsten tracer layer is
ncorporated into the barrier layer of the porous film. Immediately
eneath the pore base, the tracer layer is initially located at 0.57 of
he barrier layer thickness Fig. 7a, with a shallow valley beneath
he pore. The valley deepens with further anodizing and the tracer
ecomes U-shaped as the outward transport of tungsten is halted at
he middle of the barrier layer Fig. 7b. The tungsten tracer near the
ell boundaries lags slightly than that in the middle regions of the
ell walls, resulting in a V-shape. The EDX line profile analysis
cross the barrier layer beneath the major pore, along the solid line
n Fig. 7b, is shown in Fig. 7c. The decreases in the oxygen signal,
100 nm
200
Figure 7. Color online a Transmission
electron micrograph of ultramicrotomed
cross sections of chromium-free, type 3
specimens Fig. 1c following anodizing
in phosphoric acid for a 207 and b
235 s; c the EDX line profile along the
marked line in b.0CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Darked by two dashed lines, indicate the film/electrolyte and metal/
lm interfaces. The phosphorus signal of lower intensity than the
xygen signal shows that phosphorus species are contained in the
uter 0.79  0.04 of the barrier layer, marked by a dashed line. The
istribution of the phosphorus is in good agreement with measure-
ents by Ono et al.24 The relatively weak tungsten signal shows a
istinct peak indicated by a dashed line at 0.49 of the barrier
ayer thickness from the pore base and is consistent with the location
f tungsten in the TEM micrograph.
The transmission electron micrograph of Fig. 8a shows an ultra-
icrotomed cross-section of the porous anodic film formed for
40 s on electropolished aluminum in the phosphoric acid. The bar-
ier layer thickness, 146 nm, and final anodizing voltage, 159 V,
orrespond to a formation ratio of 0.92 nm V−1. The EDX line pro-
le across the barrier layer beneath the central pore is presented in
ig. 8b, revealing that phosphorus is contained in the outer
.79  0.04 of the barrier layer. In order to further determine the
ocation of phosphorus, the film was exposed to a flux of electrons
n the transmission electron microscope to crystallize preferentially
he phosphorus-free regions of the film.25 After 8 min, small crystals
ppeared as dark spots at the base of the barrier layer and at cell
oundaries between adjacent pores. By 15 min, an inner region of
arrier layer and a region next to the cell walls were entirely crys-
allized, as shown in Fig. 8c. The phosphorus-containing region is
.78  0.04 of the barrier layer, which is in good agreement with
he value from EDX analysis.
In mechanistic studies of porous anodic films using a tungsten
racer,6,16 an 5 nm thick layer of Al-20 atom % W alloy is incor-
orated into an aluminum substrate and the behavior of the layer is
ollowed in the subsequently formed film. The evolution of the layer
nto a U-shape beneath the pores indicates that the outward transport
6+
(a)
100 nm 0 50
0
50
100
150
200
250
300
C
ou
nt
s
(b)
(c)f W ions toward the pore base is impeded, which modeling stud- b
ownloaded 12 Nov 2010 to 130.88.117.147. Redistribution subject to Ees suggest is due to an opposing inward flow of film material.26 The
resent EDX analyses show that phosphorus species are located in
he outer 0.80 of the barrier layer and that the phosphorus distri-
ution is practically unaffected by the tracer Fig. 7 and 8. Using
he geometrical model of O’Sullivan and Wood27 for the porous
lm, the phosphorus-containing region represents 0.68 of the vol-
me of barrier layer region, which is similar to the depth of phos-
horus in a barrier film.
Influence of chromium species.— Previous studies have shown
hat Cr3+ ions migrate outward in anodic alumina at 0.74 times the
ate of Al3+ ions.10 Further, the incorporation of Cr3+ ions can lead
o the formation of oxygen bubbles within the alumina, which has
een reported from studies of anodic oxidation of Al–Cr alloys.28
xygen bubbles have also been observed when a thin band of Cr3+
ons migrates into the tungsten-containing region of a film formed in
tungstate electrolyte.28 The oxygen is formed by oxidation of the
2− ions of the alumina, which is probably facilitated by introduc-
ion of impurity levels into the bandgap of the alumina.29 During
ormation of the films on the present specimens, the faster migrating
r3+ ions of the inner residual oxide see Fig. 1a enter the overlying
6+
-containing region. Oxygen is generated within the region, lead-
ng to nucleation and growth of oxygen bubbles within the tungsten
ayer. No oxygen bubbles are resolved in the outer regions of the
lms, where GDOES indicates that chromium and little, or no, tung-
ten are present, suggesting that the presence of both Cr3+ and W6+
ons is important for the generation of oxygen in the specimens. The
ubbles are expected to be immobile in the film similar to inert gas
ubbles in marker studies.1,2,30 The bubbles grow in size with
rogress of anodizing, as evident from comparison of Fig. 5a and b.
he migration of W6+ ions that are located above and between
150 200 250
on (nm)
Al
O
P
nm
Figure 8. Color online a Transmission
electron micrograph of an ultramicro-
tomed cross section of electropolished
aluminum following anodizing in phos-
phoric acid for 240 s; b the EDX line
profile scanned across the marked line in
a; c exposed to the electron beam for
15 min.100
Positi
100ubbles is unhindered by the presence of the bubbles. However, the
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Dutward movement of W6+ ions that are located beneath bubbles is
locked. The nonuniform migration leads to a broadened and irregu-
ar tungsten band within the film. The movement of some of the W6+
ons away from the bubbles is evident from comparison of the mi-
rographs of Fig 5a, revealing bubbles within the tungsten layer, and
ig. 5b, revealing bubbles beneath the layer in many locations. The
isplacement of the layer with respect to the bubbles is 5–10 nm,
hich is of the expected magnitude for migration at 0.35 times the
ate of Al3+ ions.
Brief consideration is given to the effects of chromium, although
urther experimental study is necessary to resolve the details of their
istributions. The remarks are tempered by the observations that the
mounts of chromium originating from the residual oxides appeared
o vary between analyses of different regions of a specimen. Table I
ives the calculated locations in the films of Cr3+ ions derived from
ach of the residual oxides see Fig. 1a, based on a relative migra-
ion rate mCr of 0.74, in comparison with the locations suggested
y GDOES from the sputtering times. The relative depth of Cr3+
ons originating from the outer, dCr1, and inner, dCr2, residual oxides
ere calculated from the relations
dCr1 = tAl
+ 1 − mCr
dCr2 = VCr + tAl
+ 1 − mCrVf − VCr/Vf
n which VCr is the estimated voltage at the mid-thickness of the
esidual oxide Fig. 1d. For the specimen of Fig. 2a, the first chro-
ium peak, nearest to the film surface, is in reasonable agreement
ith the calculated location of Cr3+ ions originating from the outer
esidual oxide see Fig. 1a, while the second peak, due to chromium
f the inner residual oxide, is at a lower depth than expected. For the
pecimen of Fig. 2b, the first peak appears to comprise contributions
rom Cr3+ ions of both residual oxides, which migrate outward at
lose to the usual rate; the second peak is due to Cr3+ ions of the
nner residual oxide whose migration has been slowed. Thus, both
pecimens indicate that the tungsten-containing layer, with its devel-
ping oxygen bubbles, impedes the outward migration of some of
he Cr3+ ions, although more detailed analyses are required to un-
erstand the wider aspects of the Cr3+ migration.
Conclusions
Under the selected conditions of anodizing, at a constant current
ensity of 5 mA cm−2, barrier anodic alumina films formed in neu-
ral phosphate solution and the barrier layers of porous films formed
n phosphoric acid consist of a phosphorus-containing outer region
nd a phosphorus-free inner region. The phosphorus-containing re-
ion accounts for 0.68 of the barrier films and 0.80 of the bar-
ier layer of the porous films. The distributions of phosphorus are
ot significantly affected by the incorporation of a nanolayer of 3
ownloaded 12 Nov 2010 to 130.88.117.147. Redistribution subject to Eungsten tracer species into the films. Further, the tungsten tracer
pecies can migrate into the phosphorus-containing regions, with
ittle influence of the phosphorus species.
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